' AD-A128 811  PROCEEDINGS OF THE 1982 ARMY SCIENCE CONFERENCE HELD RT
THE UNITED STATES.. (U) DEPUTY CHIEF OF STAFF FOR

RESEARCH DEVELOPMENT AND ACQUISITIO.. 18 JUN 82
UNCLASSIFIED -F/G 572

e
N
N

=
-




O R e K it

(R add

e S

AR Y

D! :;"f"'?“";'..

-, T A,

I AN N LI Y

......
.....
.......

MM ST A

.......

) ; - AN
. O
" AR
4 a ~ - - - - RN “ e . -
AT AR N A S N B e B b

P — ] -la-isL,, ﬁ

- 3333 |_ 3

K EEET m

EEFFEIT - mw

= EFER

c T T , M

agg3ad u | !
Jaaa 3

Hmluu-uu. L W W _

= =B B .

MICROCOPY RESOLUTION TEST CHART
MATIONAL BUREAU OF STANDARDS-1963-A




DEPARTMENT OF THE ARMY
OFFICE OF THE DEPUTY CHIEF OF STAFF
* FOR RESEARCH, DEVELOPMENT, AND ACQUISITION
WASHINGTON, D.C. 20310

REFLY TO
ATTENTION OF

DAMA-ARZ-D | 18 June 1982

SUBJECT: Proceedings of the 1982 Army Science Conference
SEE DISTRIBUTION

1. The thirteenth in a series of Army Science Conferences was held at the
United States Military Academy, 15-18 June 1982. The conference presented
a cross section of the many significant scientific and engineering programs
carried out by the Department of the Army and provided an opportunity for
Department of the Army civilian and military scientists and engineers to
present the results of their research and development efforts before a
distinguished and critical audience.

————————2;>'These Proceedings of the 1982 Army Science Conference are a compilation
of all papers presented at the conference and the supplemental papers that

were submitted. The Proceedings consist of four volumes, with Volumes I
through III unclassified, and Volume IV classified. <:=;-

3. Our purpose for soliciting these papers was:

a. To stimulate the involvement of scientific and engineering talent
within the Department of the Army.

b. To demonstrate Army competence in research and development.

c. To provide a forum wherein Army personnel can demonstrate the full
scope and depth of their current projects.

d. To promote the interchange of ideas among members of the Army
scientific and engineering community.

4. The information contained in these volumes will be of benefit to those
who attended the conference and to others interested in Army research and
development. It s requested that these Proceedings be placed in technical
1ibraries where they will be available for reference.

S oy
JAMES H. MERRYMAN
Lieutenant General, GS
Deputy Chief of Staff for Research,

Development, and Acquisition
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A DECISION TREE FOR CHEMICAL DETECTION APPLICATION (U)

*WILLIAM P, ASHMAN, Mr.
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EDWARD J. POZIOMEK, Phb.
CHEMICAL SYSTEMS LABORATORY, USAARRADCOM
ABERDEEN PROVING GROUND, MD 21010

I. Introduction

In chemical detection research, there is considerable interest in find-
ing reactions and reagents that will be active in solid state in detecting
chemical agents and agent simulants at low concentrations. The application
of the reagents and their interactions would be for use in detection devices
such as detector tubes, personnel dosimeters, or solid state coatings for
various types of microsensor devices such as piezoelastic crystals.

In this research, a major problem is the development of a reagent and
its interaction that is specific for a chemical agent or simulant without
interference from other chemicals.in the environment. In solid state de-
tection research, there has been no base of information from which to draw
in designing coatings that will be specific for particular chemicals. This
is true generally irrespective of the nature of the chemical to be detected.
Although much may be known about the chemistry of a particular molecule in
solution, this same knowledge cannot be transferred routinely in predicting
solid state reactions. :
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In finding new solid state reagents and interactions, the classical
procedure is to screen randomly many compounds until the desired detection
is obtained. Not only is this screening expensive; but in most cases, it
is unsuccessful. Also, using this mass screen procedure, once a suitable
agent/detector reagent interaction is developed, there is no way of pre-
dicting what interferences there will be without undertaking another major
screening process.

This paper describes research in the design of indandione derivatives
that can be used as detector reagents and as coatings for solid-state detec-
tion purposes. A chemometrics analysis (statistical, discriminant) was

gerforned of the results obtained with one of the reagents, 2-diphenylacety].
»3-indandione-1 (p-dimethylaminobenzaldazine). Chemical structural and
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physicochemical parameters related to the molecular association mechanism
that produced fluorescence activity were identified, and a structure-
fluorescence enhancement model (decision tree) for the prediction of com-
pound/indandione reagent activity was developed. The model predicts the
molecular association effects with the indandione for any compound and can
be used to direct the design of solid-state detection interactions. The
use of the model eliminates the mass screening of compounds and aids in the
prediction of potential environmental chemical interferences. The indan-
dione research and molecular association model developed forms an important
data base for future research efforts in solid-state detection technology.

II. Materials and Methodolqu

0
A. Background g
@\C—CN(C‘"ﬂz
I
N
|
R
WHERE R =
NHp (0 N=CICHy) énz@ o’
N=CHN(CHgly (1) N

N=CHICgHg) (VI}
N=CH ]
N=CH (CHzly  (IV)

Figure 1. 2-DIPHENYLACETYL-1,3-INDANDIONE-1-IMINE
(DIPAIN) DERIVATIVES

Crabtree and Poziomek(1-2)reported on a series of 2-diphenylacetyl-
1,3-indandione-1-imine (DIPAIN) derivatives (e.g., figure 1,I-VI) that can
be used in a simple, specific, and direct test (figure 2) for the detection
of chemical incapacitating agents containing the <~ hydroxy acid ester
moiety. The detection results from a solid-state molecular association
complex formed by the agent with the indandione reagent that enhances
fluorescence activity. In simple terms, this means that when the DIPAIN
derivative is brought into contact with certain molecules, a brilliant
fluorescence occurs that is easily detectable.

ASSOCIATED
COMPLEX

Y Y
| ROOM |
R-C—R+nmx TEMP R-C-f.Xm
| -~ |
z z
L]

+
CHEMICAL  DETECTOR

DETECTION SIGNAL
COMPOUND  ABAGENT COLOR OR FLUORESCENCE

Figure 2. CHEMICAL COMPOUND/DETECTOR
REAGENT MOLECULAR ASSOCIATION
EFFECT THAT PRODUCES FLUORESCENCE.
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Screening studies for compound detection with 6 of the DIPAIN reagents
indicated that each reagent has a distinctive fluorescence activity pro-
file. For the compounds tested, a reagent may give a sensitive fluores-
cence (a strong enhancement) with some but only a moderate to no response
with others (figure 3).

FLUORESCENCE INTENSITY?

CMPD

COMPOUND ALONE | noom v W
INSECTICIDES
oot NEG M S Ms S NEG M
CHLORDANE ” Mt M Ms st wi wm
HEPTACHLOR ™ w M M ¢ w M
TOXAPHENE ™M w M M sb w ]
RODENTICIDE
WARFARIN w M st owm M MdP M
HERBICIDE

PHENOXYACETIC ACID L] NEG Ms sb we MS M

%OBSERVED RELATIVE FLUORESCENCE: NEG, NO FLUORESCENCE; w,
WEAK; M, MEDIUM; MS, MODERATELY STRONG; $, STRONG. OBSERVED
COLOR IN AMBIENT LIGHT: D YELLOW: © ORANGE: 9 GREEN.

Figure 3. COMPARISON OF FLUORESCENCE ENHANCEMENT
EFFECTS OF DDT WITH DIPAIN DERIVATIVES.

The fluorescence enhancement detection method can be used on various
surfaces; and the detection response varies with the reagent and surface
used (figure 4).

FLUORESCENCE INTENSITY

SOLID_SUPPORT 1 1] 1] v v vi
ALUMINA L L] M s NEG S
CELLULOSE s L] w MS NEG mMs
GLASS FIBER ] H L H] NEG M
WHATMAN PAPER M L] L] s ww L]
SILICA GEL w w - - - -

OBSERVED RELATIVE FLUORESCENCE: NEG, NO FLUORE-
SCENCE; VW, VERY WEAK: W, WEAK; M, MEDIUM; MS,
MODERATELY STRONG; S, STRONG; -, NOT TESTED.

Figure 4. EFFECT OF SOLID SUPPORT ON
FLUORESCENCE ENHANCEMENT WITH DOT.

For the purpose of extending the usefulness of the fluorescence en-
hancement technique and to obtain data that might reveal more about the
mechanism of the molecular interaction responsible for the fluorescence,
additional compound/indandione derivative interaction profiles of other
classes of compounds (insecticides, rodenticides, amino acids, aliphatics,
alcohols, nucleic acids, etc.) were determined. A comprehensive listing
of the reagents, test procedures, compound/detector reagent fluorescence
activity profiles, methods of synthesis, and a chemometrics analysis to
develop compound/DIPAIN reagent structure fluorescence activity models have
been reported.

didntd bt
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B. Materials and Detection Assay

The solid-solid molecular association fluorescence enhancement method
of detection (figure 2) is relatively simple and easy to use. It has an
advantage over other chemical detection methods in that it avoids chemical
reactions which usually require prolonged heating and/or concentrated acid
or base to produce a detection signal. In this paper, DIPAIN IV, the p-
dimethylaminobenzaldazine derivative, and its interactions are analyzed. '

Approximately 750 compounds were tested with the DIPAIN IV reagent.
‘The test procedure was as follows: liquid samples of the compounds to be
detected were spotted without dilution on Gelman ITLC glass fiber sheets
using 1lul disposable micropipettes. Solid samples were spotted as 10%
solution (w/v) in tetrahydrofuran., Each sheet was lightly sprayed with the
: DIPAIN IV reagent solution (made up as a 0,1% (w/v)) solution in benzene
(0.12g/1). After the solvent evaporated, the spots were scanned visually
for any change in color or fluorescence. A Chromato-Vue Cabinet with XX-
15C long wave (peak at 366nm) ultraviolet lamp (Ultraviolet Products, Inc,,
San Gabriel, CA 91778)was used to check for fluorescence. A visual ob-
servation was made, and the response was 'qualitatively' categorized into
one of 8 groups (none; very weak; weak; weak medium; medium; medium stroug:;
strong; absorbed). In the chemometrics analysis, the 8 groups were reduces
into 2 categories (unacceptable fluorescence; none, very weak, weak mediur.
medium, absorbed; and acceptable-fluorescence; medium strong, strong).

C. Chemometrics Analysis

A Chemometrics Sciences Section has been established at the Chemical
Systems Laboratory (CSL) to use the theoretical chemistry and computer-
aided mathematical and statistical methods as a tool to aid the chemist in
the development of mechanistic models of compound activity. The following
systematic approach was used:

(1) 1Identify by literature (3-6) ‘ and consultation with ex-
perts the compound and reagent structural and/or physicochemical features
that theoretically relate to fluorescence and to the molecular association
effects that may enhance or decrease fluorescence.

Two classes of features were identified: (a) Structural-Physicochemical
(figure S), These are defined by the presence or absence of a specific
structural component or functional group in the compound (e.g., figure 5:
X3, X12, X14) or by measuring geometric distances between specific atoms in
the compound (e.g, figure S5: X6, X20),

(b) Co-pound/DIRAiN IV Reagent Interaction (figure 6). Depending on

how the compound/DIPAIN IV complex is formed, the resultant molecular
association may produce different fluorescence intensities, Figure 6

.................
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illustrates various ways by which a compound could interact with the DIPAIN
IV reagent, For the analysis, five compound/DIPAIN IV interaction regions
(Figure 6, A-E) were defined; and rules were established to determine the
compound interactions with DIPAIN IV at the specific region or regions.

OoN

(e.g., Region B is defined by the (5_@ area of DIPAIN IV, In order

for a compound to complex with DIPAIN IV in this area, it must contain a
functional group (e.g., C(0), P(0), OH, S(0) that has a potential for
hydrogen bonding with the OH or -C(0) Group of Region B). Note (figure 6),
a compound may interact at more than one region of the DIPAIN molecule
(e.g., a compound may interact at both region A plus region E simultane-
ously); or, stoichiometrically, more than one compound molecule or DIPAIN
molecule may complex, In the analysis, the enol form of DIPAIN IV (figure
6) is used,

(2) Select a random set of compounds from those tested with DIPAIN IV,
Characterize the compounds into the defined features; mathematically
depict the features and form a matrix for analysis.

206 compounds were selected for analysis. 3-dimensional Dreiding
stereomodels of the structure of each compound was constructed. Each
structure was used to identify whether the compound had the figure 5 fea-
tures. Each feature was encoded numerically as a 1 for its presence or as
a 0 for its absence. If the feature was a geometric distance or a count
of the number of atoms in a specific functional relationship in the mole-
cule, it was represented as the numerical equivalent (e.g., figure 5: X20,
7: X4,5).

In characterizing and encoding the compound/DIPAIN IV interaction
features, a Dreiding model of the DIPAIN IV reagent was constructed and
positioned in a fixed conformation., The DIPAIN IV molecule is flexible
(not rigid ) and potentially can exist in many conformations. Various
conformations were constructed and analyzed. Based on the analyses, the
results (section III) are optimized when the DIPAIN IV stereomodel is
positioned so that the structure (figure 6) is essentially planar and there
is a distance of 7.2 angstroms between the center of the phenyl ring of
region E and the center of the phenyl ring of region A closest to region
E. A Dreiding model of the compound is then superimposed on this DIPAIN IV
model; and the interaction region or regions of DIPAIN IV that the compound
may complex with are identified. In encoding, the convention of using a
1 for complex formation and a 0 for no complex is used. Seven potential
compound/DIPAIN IV interactions were analyzed. These interactions were 5
complexes at regions A, B, C, D, E; and 2 compound/DIPAIN IV complexes that
involved the ability of a single molecule of the compound to interact with
regions A plus D simultaneously; or regions A plus E simultaneously.
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A 206 compound data matrix was formed. Each vector consisted of the
compound identification, the 20 features of figure 5 plus the 7 compound/
DIPAIN IV interaction features, and the resultant fluorescence intensity of
the compound/DIPAIN IV complex in the fluorescence enhancement empirical
test.

(3) Perform computer-aided discriminant analyses of the data for the
identification of the features that are related to fluorescence enhancement.

The 206 compound data matrix is divided into two sets: (a) A training
set of compounds that is used to evaluate each feature and/or combination
of features to establish feature discrimination values. These values are
used to predict the fluorescence enhancement activity of each compound into
one of the two classes; acceptable or unacceptable fluorescence. (b) A
test set of compounds (different from those in the training set) that is
used to determine the prediction ability of the discrimination rules estab-
lished by the analysis of the training set.

The prediction ability of this discriminant analysis method is based on
the number and percentage of compounds in the test set that are correctly
categorized into the fluorescence classes., Various discriminant analyses
using different combinations of features were performed. In each analysis,
the training and test sets of compounds are structured (no two training or
test sets contain an identical set of compounds) so that each analysis is
unique, The BMDP7M ( 7) program having the option to classify using the
Lachenbruch holdout or 'Jacknife Procedure’! ( 8) is used.

(4) Develop structure-activity models for predicting the compound/
DIPAIN IV fluorescence enhancement,

Using the features that were identified in the chemometrics analysis
as discriminating for fluorescence enhancement, a decision tree (9-10),
a partially ordered set of rules, was developed to aid in classifying the
compound/DIPAIN IV fluorescence activity of untested compounds,
III. Results

A. Discriminant Analysis

Figure 7 is an example of a result that is obtained in a single
computer-aided stepwise discriminant analysis, In the analysis, the para-
meters (features) that classify the compounds into the two fluorescence
(PL) categories are identified and numerical values for each parameter
to be used in future analyses are established. In the example, the train-
ing (TRNG) set is composed of 154 compounds (34 acceptable (ACC) fluores-
cence; 120 unacceptable (UNACC) fluorescence).
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TRAINING SET (154) TEST SET (82}
34 ACCEPTABLE FL 7
120 UNACCEPTABLE FL 35

k 206_COMPOUNDS
.

CLASSIFICATION MATRIX/JACKNIFED

At GROUP % CORRECT  NUMBER OF CASES CLASSIFIED INTO GROUP
: UNACC_TRNG ACC_TRNG
et UNACC TRNG 90.0 108 12
.- ACC TRNG 88.2 4 30
UNACC TEST 91.4 2 3
ACC TEST 94.1" 1 18
TOTAL 20.3 s 61

DISCRIMINATION FEATURES:

POTENTIAL COMPOUND COMPLEX TO DIPAIN AREA (ALE)
1 POTENTIAL COMPOUND COMPLEX TO DIPAIN AREA (A&D)

. PRESENCE OF TERMINAL COH OR POH GROUP
:‘ Figni 7. EXAMPLE OF DISCRIMINATION ANALYSIS RESULTS.

The discrimination analysis identifies three features as being impor-
- tant for categorizing the training set into the two classifications. These
e features are (1) the ability of a molecule of the compound to complex sim-
ultaneously with DIPAIN IV at regions A and D; (2) the ability of a mole-
cule of the compound to complex simultaneously with DIPAIN IV at regions
. A and E (figure 6); and (3) the presence of a terminal C(0)OH or P(0)OH in
o~ the compound., For the training set, the discriminant analysis categorizes
\_. correctly 108 of the 120 compounds that had UNACC fluorescence and 30 of
- the 34 compounds that had ACC fluorescence. For the test set, 32 of the
B UNACC compounds and 16 of the 17 ACC compounds were correctly categorized.
' This is a correct percent classification rate of (48 of 52) 92.3% for the
test set and a correct classification rate of (186 of 206) 90.3% for the

,4
' Feda
. '..- TRl

- total set,
ot
S In the final analyses, the correct classification rates for six test
N sets of compounds were: 90,2%, 92,3%, 91.1%, 85.7%, 86.5% and 89.6%. In
S all six analyses, the results indicate that the feature most important for
% fluorescence enhancement was the ability of a molecule of the compound to
v complex simultaneously with regions A and E of the DIPAIN IV reagent.
siﬁ B. Decision Tree

: Figure 8 is a decision tree developed from the chemometrics analysis

of compound/DIPAIN IV interactions, The tree can be used to predict the

, solid state fluorescence (FL) enhancement of a compound with DIPAIN IV,
;3} The following decision tree rules and directions were developed.
£
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COMPOUND | STRUCTURE

Iy
QR O-e
t
MAXIMUM LENGTH a t-ciy

o o
DECREASE <«—. 7.2A 271.2A

& o @

SOME FL NO FL 'OT‘ENTML L

r m
1. 0 4. 5.
R
) Jo [
o v-P-Xx
POTENTIAL FL  DECREASE FL
2._r_om z
| | neos
2(8) X.Y.2 CONTAIN §
OECAEASE FL & \&
POTENTIAL FL
() - cmanae TRansFER GROUP
s
(8)~ 5. ™. © (EXCEPT OH AND DCHg) DIRECTLY
ATTACHED TO PLANAR CHARGE TRANS- POTENTIAL FL  GECREASE FL

FER AING SYSTEM

@- POSITIONAL FIT OF COMPOUND TO COMPLEX
WITH AREAS (A+E) OR (AsD)

Figure 8. DECISION TREE: DIPAIN (V/FLUORESCENCE
: ENHANCEMENT.

Follow these procedures and rules: (an analysis to predict the
fluorescence enhancement activity of the compound DDT, illustrated in
figure 8, is used as a guideline to define the procedures and rules).

[«
Procedure (1):Construct a 3-dimensional to angstrom, A, scale model
of the structure of the compound., _Measure its absolute length in angstrom
units, DDT has a length of > 7.2 £.

(a) If the compounds length is <7.zK, the compound has a high prob-
ability of not having acceptable fluorescence enhancement, Generally,
if the length of the compound is <7.2 A and if the compound has a function-
al group (-C=C- or -C=N-) in its structure, it may give some fluorescence
enhancement with the detector reagent. However, the fluorescence enhance-
ment intensity is predicted_to be weak to medium (UNACC fluorescence). If
the compound length is <7.2R, stop. It is not necessary to proceed to
procedure (2),

(b) If the compound length is >7.2R, there is a hjgher probability
of an acceptable fluorescence. DDT has a length of >7.2A. Go to proce-
dure (2).

Procedure (2): Follow steps 1.-5. as listed on figure 8., Determine
if the compound has the functional groups or interaction capabilities as
designated,

Step 1. The presence of the l;;?"”” group decreases fluorescence
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enhancement with DIPAIN IV, This group is highly hydrophilic and can cause
steric hindrance when interacting with the DIPAIN IV. If the compound has
this group, stop (UNACC FL), DDT does not contain this group. Proceed to
step 2,

Step 2. The presence of P(0)OH in the compound decreases the prob-
ability of acceptable fluorescence activity., If the compound has this
group, stop. DDT does not contain this group., Proceed to step 3,

‘n’"r;l“:"

Step 3. The presence of S, N, or 0 (except OH and OCH3) directly
attached to a planar ring system that has potential for charge transfer
interaction decreases activity. If S, N, or 0 is attached to a large planar
ring system as naphthalene with the substituent on the ring containing an
S, N, or O directly attached to the ring system, the FL enhancement inten-
sity is UNACC, The substituents OH or OCH3 do not have this result., If a
compound has this configuration, stop. DDT does not have this configura-
tion, Proceed to step 4.

Py ———r—y
AN n e
Tem W D8 S - ..
DI '1"'} SRR
A e e

Step 4.(a) If the compound contains a P(0) type configuration.
Proceed to step 5. DDT does not contain Phosphorus. Proceed to 4(b).

Step 4,(b) The ability of the compound to interact simultaneously
with regions A plus D or regions A plus E increases the probability of ACC
FL. In order to define if a compound interacts with both region A and
region D simultaneously, the following rules are used:

(1) The compound must be able to bind to region A. Region A (figure
6) is defined as the diphenyl group region. In order for a compound to
complex in this area, it must have a lipophilic region (at least a 3 carbon
chain) or a -C=C- group in its structure. If a -C(0)O- group is present,
there must be at least two carbon methylene groups attached to the -C(0)0-
group, (e.g., -C-C-C(0)0-). A compound is positioned to region A by super-
imposing its lipophilic or ~C=C group on the phenyl ring positioned closest
to region D,

(2) Region D (figure 6) consists of the -C(0)-C-C=N-N=C area. A
compound interacting at this region must be planar (usually a phenyl ring
or a naphthalene ring configuration). After positioning the compound to
region A, if the compound overlaps on to region D and contains a -C=C-
group, it complexes with both region A and D,

(3) Region E consists of the -<::}wmng, area (figure 6). The
interaction rules used for region A are also used for region E, In order

for a compound to interact with A plus E, the compound must be able to
bind to A. After positioning it to A, it must have sufficient length to
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overlap on region E. If the compound overlaps on E, an evaluation of the
compound structural components that overlap on E is necessary. If the
compound contains a -C=C- or -C=N- bond that can interact with E by poten-
tial charge transfer or a straight chain methylene group that can interact
with E by hydrophobic type interaction, the compound is categorized as
binding to regions A and E. If a compound contains a C(0)OH, P(O)OH,
C(0)0-, S(0)0-, or other highly hydrophilic or potential hydrogen bonding
region that overlaps on region E, jt is categorized as not binding., If
the compound complexes, the result is ACC FL; if it does not, the result is
UNACC PL, Stop. DDT can interact with regions A plus E simultaneously,
Therefore, DDT is predicted to give a strong flourescence and to be detect-
ed by a solid state detection device that uses DIPAIN IV as the detector
reagent,

Step 5. This branch of the decision tree is developed for the
[
prediction of the detection of Yo phosphorus, P, compounds

(organophosphorous nerve agents and simulants). The group R of the
structure may be either a sulfur or oxygen atom. In using this part of the
decision tree, orient the compound so that the substituent with the longest
absolute length is positioned at X (figure 8). If X contains a sulfur
atom directly attached to the P, it has a high probability of ACC FL. If
it does not contain sulfur, determine if the structure can simultaneously !
bind to region A plus D or region A plus E, If it can interact, the

result is a high probability of ACC FL. Stop. 4

oy

IV. Discussion

AR A e

In chemical agent detection, there is a need to develop a detection
device that is specific for an agent, and that is reusable, efficient,
portable, and simple to use. Solid-state microsensor devices such as
piezoelastic crystals provide a technological advance that may satisfy
this need, The DIPAIN reagents studied (1-2 ) and the compound/DIPAIN
interaction fluorescence enhancement effect have application in coatings
for these solid-state devices or in the production of a signal that can
be used in solid-state detection,

PP W e T

Bt i

. The objectives of this study were to use chemometrics dicriminant
analysis techniques to: (1) identify the mechanisms related to the k
fluorescence effects produced; (2) develop compound/DIPAIN IV structure-
activity models that can be used as guidelines to predict the fluores-
cence enhancement of untested compounds; (3) aid in the design of new 4
solid-state detection reagents that are specific for a chemical agent, :

e
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EXCITED STATE

TION
OF LIGHT

ENERGY LEVEL

RADIATIONLESS
TRANSITION

COMPOUND == GROUND STATE

DEACTIVATION ‘
1. PREDISSOCIATION ‘
2. INTERNAL/EXTERNAL CONVERSION |

Figure 9. THEORETICAL RELATIONSHIPS FOR FLUORESCENCE
ACTIVITY.

Figure 9 illustrates the excited state theory (5 ) and two processes
associated with the deactivation of fluorescence activity:

(a) Predissociation - occurs when a molecule can exist in two excited
states and crossover of potential energy of the states results in a disso-
ciation of energy;

(b) Internal/external conversion - occurs when the excess energy,
provided by the ultraviolet light is converted into vibrational energy.

In the compound/DIPAIN IV interaction, the ultraviolet light excites
the mixture, If predissociation and/or internal/external conversion occurs
sufficiently to deactivate the complex, there is no fluorescence, The 27
features selected for analyses effect these two processes.

The DIPAIN IV molecule is flexible. In the internal/external conversion
process because of this flexibility, the excess energy provided by the
ultraviolet light is converted into vibrational energy; and therefore, no
fluorescence results. However, if a compound can complex with the DIPAIN
IV molecule with an interaction sufficient to cause rigidity of the DIPAIN
IV and, thereby, prevent internal/external conversion, fluorescence results.

The results identified that the compound size (length) and the ability
of the compound to interact simultaneously with the DIPAIN IV reagent at
regions A plus E or A plus D influenced the fluorescence enhancement. This
result suggests that the mechanism is associated with the internal/external
conversion process. In a compound/DIPAIN IV interaction that produces
. acceptable fluorescence, the compound must have sufficient (size) length
-y and functional groups that allows for an interaction which maintains the
% DIPAIN IV molecule in a rigid conformation.

The decision tree allows the user to predict the fluorescence enhance-
ment activity with DIPAIN IV of all compounds (e.g., chemical agents, agent
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simulants, environmental interferences). The decision tree rules can aid |
in designing or identifying compounds (new agent simulants) that can be o
detected by DIPAIN IV. For example, in the design of a simulant for an
organophosphorous agent, it is suggested to take the parent structure

R (R=0,5) ;
Z —-f- X and to use the decision tree rules to establish the position, ;
Y

type, and functional groups of atoms of the substituents (x, y, z) to be
added to the parent configuration,

In addition to this study, the previous studies (1-2 ) on the DIPAIN
reagents have established a data base and structure-activity relationships
that can be used as guidelines in the design of new solid-state DIPAIN re-
agents for use in microsensor devices for the detection of a specific agent.
The DIPAIN IV detection is limited to compounds that have an absolute length
of_z7.23. Many agents (e.g., GB; absolute length <7.2§) cannot be detected
by the DIPAIN IV molecule. Because the mechanism of enhancing fluorescence
activity is associated with the ability of the compound to make the DIPAIN
molecule rigid, it is suggested to synthesize new DIPAIN reagents having
substituents that contain the basic configuration in R (figure 1) as in
DIPAIN IV or VI, For this design, either basic configuration of R of IV
or VI is designated RR., In order to obtain a reagent that is specific for
an agent, the substituent in the RR region should be designed to allow for
interaction with the functional groups or atoms of the agent molecule that
do not superimpose after positioning the agent molecule to the diphenyl
region of the parent DIPAIN configuration., The resultant agent/DIPAIN
reagent interaction corresponds to the interaction of a compound with the
DIPAIN IV molecule at regions A plus E, In the newly designed reagent,
region RR is designed as a template to fit the agent.

In conclusion, the decision tree rules and compound/DIPAIN IV inter-
action mechanism for predicting solid state molecular association effects
identified establishes a scientific basis for new concepts and potential
improvements in chemical detection., The results of this study: (1) allows
for the design of solid state detection interactions using DIPAIN reagents;
(2) provides a set of guidelines for the development of chemical agent
simulants that are detectable using the fluorescence enhancement technique;
and (3) provides guidelines for the design of new DIPAIN detector reagents
that are specific for a chemical agent or simulant. In summary, the DIPAIN
data and results have provided fundamental information for chemical detec-
i tion research which forms a basis for many potential advances in solid
P state detection technology.
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LASER INDUCED POLYMERIZATION REACTIONS
IN SOLID PROPELLANT BINDERS (U)

0. E. Ayers, Ph.D., B. D. Allan, Ph.D., W. S. Melvin, Ph.D.,
J. A. Murfree, Ph.D., W. W. Wharton, Ph.D., and P. J. Marcucci, 2nd LT

US ARMY MISSILE COMMAND
REDSTONE ARSENAL, AL 35898

INTRODUCTION

The use of organometallic compounds to catalyze urethane reactions
between polyols and isocyanates has found extensive use in many industrial
and military applications. Organometallic compounds are used as catalysts
in the processing of solid propellants to accelerate the curing reaction
of the binder in systems where crosslinking involves urethane formation
between a prepolymer with hydroxyl groups and polyisocyanates.

It has been observed that simple alcohol-isocyanate reactions are
susceptible to photochemical enhancement when exposed to a low intensity
tungsten 1ight source (1). This photochemical rate enhancement of urethane
formation occurred in dilute solutions of carbon tetrachloride both in
the presence and absence of organometallic cure catalysts. However, the
rapid polymerization of polyols with isocyanates requires the presence of
an organometallic catalyst; thus, the concept of photoassisting the re-
activity of these catalysts appeared to be an interesting area of investi-
gation. Consideration of this phenomenon prompted the idea that a high
energy monochromatic radiation source might be useful in promoting specific
chemical reactions and better controlling the cure process of urethane
reactions.

This effort examines the effect of ultraviolet and visible laser
radiation in conjunction with various organometallic catalysts on the
formation of propellant binders. Laser controlled reactions may proceed
by pathways not encouritered under thermal or other photochemical con-
ditions. Also, the laser has the advantage of providing an intensely con-
centrated monochromatic beam which allows polymerization to occur at
ambient temperature rather than at elevated temperatures. The potential
use of the laser as a polymerization tool may provide greater control over
the reaction process.

The work described here was initiated to determine the effects of
laser radiation on the condensation reactions of polyols and isocyanates
and to assess the influence of small concentrations of photoabsorbing
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additives. Several classes of organometallic compounds known for their
!: ability to catalyze these types of reactions were screened using ultra-
violet lamps. Of these, several compounds were found to be particularly
receptive to photoactivation in these reactions and were subjected to
detailed laser investigation. The results of monochromatic radiation on
these photocatalyzed reactions at 266, 355, and 532 nm are reported here.

(R1C N

EXPERIMENTAL

A11 experimental samples were prepared by the following procedure:
A sample of the organometallic compound was placed in a small mortar and

C ground with a pestle until the material was finely divided. One milli-
"! gram of the organometallic compound was added to 4.25 ml of isophorone
T diisocyanate (IPDI). The sample was then thoroughly mixed by shaking for
i one-half hour on a mechanical shaker.

o 1.41 m1 of the IPDI/organometallic mixture was combined with 10 ml of
o polyethyleneglycol adipate (PGA) and thoroughly mixed. The samples were

b then evacuated in a glass vacuum desiccator to remove dissolved air and
h" then opened to the atmosphere. Some samples were run under a nitrogen
A or oxygen atmosphere. In these cases, the appropriate gas was used to

return the samples to atmospheric pressure. An aliquot of each sample

was transferred to an ultraviolet 10 mm cell for irradiation. Also an

aliquot of each sample was used as a reference standard. At various time

= intervals, viscosity measurements were made on both the control and

!I irradiated samples. During irradiation, the sample holder was continuously
moved up and down in a vertical motion by a mechanical device to expose

the entire sample to the laser beam.

- A1l samples that were run in these experiments had an NCO/OH ratio

;g; of 1.0 and contained 0.0025 weight percent catalysts. Therefore, to main-

R tain the same ratio, experimental samples containing hexamethylene

!!’ diisocyanate (HMDI) were prepared in a similar manner to those with IPDI.
; Thus, only 3.3 ml of HMDI were mixed with 1.0 mg of the organometallic

catalyst and then 1.07 ml of this mixture was added to 10 ml of PGA
polymer to make the final sample for .irradiation.

BLAK-RAY ultraviolet lamps having wavelengths of 254 and 366 nm were
, used in the preliminary screening of the organometallic compounds shown in
g} Table I. Those samples which showed increased reactivity were then
. selected for laser testing. A Quanta-Ray Model DCR Nd:YAG laser system
o was used as the source of irradiation in these experiments. This DCR
Nd:YAG laser provided 220 mJ/pulse at 532 nm, 115 mJ/pulse at 355 nm, and
50 mJ/pulse at 266 nm. In all the experimental reactions reported in this
o paper, the laser was operated at 10 pulses per second.
o The Ferranti-Shirley Viscometer System was used to follow the rate of
- reaction of the diol prepolymer with the diisocyanate by measuring the

change in viscosity as a function of time.
A Beckman Model ACTA MIV spectrophotometer was used to obtain spectra
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of the catalysts listed in Table II. The catalysts were used as
received. Solvents used were spectroquality solvents. The solvent for
ferrocene was 2,2,4-trimethylpentane. Dibutyltin diacetate solution was
prepared using acetonitrile as solvent. Molar absorbtivities at 266 and
355 nm for 1,1'-ferrocenedicarboxylic acid were obtained with a methanol
solution, and the molar absorbtivity at 532 nm was obtained in an acetone
solution. The remaining spectra were obtained using methanol as solvent.

The preliminary screening of approximately sixty organometallic
compounds indicated significant photoactivity occurred in about ten
percent of the samples tested. Six samples were selected for closer
examinatidn and controlled exposure to intense monochromatic ultraviolet
and visible laser irradiation. The results of these experiments are given
in Tables II and V. .

RESULTS

These investigations showed that ultraviolet and visible irradiation
of catalyzed gumstock mixtures of polyethyleneglycol adipate (PGA) and
various isocyanates could significantly increase the rates of urethane
bond formation. However, the laser enhanced reaction rate was found to
occur only when specific organometallic catalysts were present at the
wavelengths used. This secondary acceleration in rate is over and above
the already increased rate of reaction found to occur with these catalysts
under nonphotolyzed conditions. At the wavelengths investigated the
greatest acceleration occurred when the organometallic compounds contained
iron. Most other metal containing compounds were found to produce lesser
or no photorate enhancement. v

Two ultraviolet lamps were employed to assist in the rapid screening
of a wide variety of candidate organometallic catalysts. One lamp
produced low intensity radiation at 254 nm and the other at 366 nm. These
lamps permitted several samples to be simultaneously irradiated. The
possible effect of photoactivity on the hydroxyl-isocyanate reactions of
PGA, IPDI and various organometallic compounds was determined. After a
minimum of two hours exposure, the viscosity of each sample was measured
and compared with its appropriate reference sample. Those samples which
showed the greatest viscosity differences were selected for further inves-
tigation with the laser. The results of these initial screening tests are
shown in Table I. These viscosity differences between the irradiated and
control samples were taken to be a direct measurement of the enhanced
polymerization reaction.

The data presented in Table II show the actual viscosities observeu,
as a function of time, when identical PGA and HMDI or IPDI samples con-
taining 0.0025% catalyst by weight were irradiated with a pulsed Nd:YAG
laser. The laser enhanced reactions were observed to be extremely sensi-
tive to the concentration of catalyst employed. When concentrations of
catalyst were doubled from the 0.0025% level, the viscosity increased
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beyond the 1imit of the viscometer within 30 minutes. Solvents were not
employed to avoid possible complications due to extraneous solvent-assisted
charge transfer complexes which might affect the reaction mechanism.

A cursory examination was made to determine if the reactivity of a
linear aliphatic isocyanate (HMDI) differed from that of a cyclic
aliphatic isocyanate (IPDI) in these reactions. The data obtained do not
show any reaction enhancement or inhibition trends which could be directly
attributed to a photocatalyzed reaction pathway favoring one isocyanate
form over the other. '

To reduce possible interferences from the presence of oxygen all
samples were vacuum degassed, returned to atmospheric pressure with air,
and sealed prior to irradiation. The only samples observed to undergo
detectable color changes contained ferrocene as the catalyst. The faint
greenish appearance was attributed to the formation of the ferrocenium
ion (1). To determine if the air above the sample had an effect, samples
were prepared by replacing the air with a pure nitrogen or oxygen
atmosphere. Similar rates were obtained with both nitrogen and oxygen
although they were slightly greater than obtained with air. As minimal
effects were noted with the pure gases, air was used in conducting all
other experiments.

Laser irradiation at 266 and 355 nm (Table II) was shown to have
significant influence on the iron(I1I) acetylacetonate (FeAA) catalyzed
reaction rates. To determine if this increased catalytic influence was
common to other metal acetylacetonates, a series of these compounds was
subjected to laser irradiation. Representative reaction viscosity data
for the chromium(III), vanadyl(IV), and cobalt(III) acetylacetonates
are shown in Table III and compared with the corresponding iron(III)
compound. Little or no photoenhancement on the reaction rate was found
with these additives and many other similar metal acetylacetonates.

Table I shows additional metal acetylacetonates which were subjected to
ultraviolet lamp irradiation and found to have little or no affect on
these reactions.

A series of experiments was performed utilizing glycidy) azide
prepolymer (GAP), which is an energetic azido containing polyol, to
determine its stability in the presence of intense irradiation. It is
known that the azido group absorbs strongly in the 266 nm region, and its
compounds are highly susceptible to ultraviolet decomposition. Twoicaily,
alkyl azido decomposition occurs with the liberation of free nitrogen and
the formation of imines as shown in reaction 1.

hv -
RyCNy —1—> R,C=NR + N, (1)

GAP was observed to undergo ultraviolet laser decomposition in
accordance with reaction 2.

HOECH, CHO-H Doy HOfCszHOEEH + N, (2)
CH N, HC=NH
20

.............................
...........................
..............




AYERS, ALLAN, MELVIN, MURFREE, WHARTON & MARCUCCI

Copious amounts of nitrogen gas were produced and found entrapped in
the gumstock during irradiation at both 266 nm, and to a lesser extent,
at 355 nm. At 532 nm, laser irradiation for up to 1.5 hours did not
result in any noticable decomposition of GAP. No significant photo-
enhancement was observed to occur at 532 nm in the presence of FeAA.
Spectra for the six active organometallic catalysts selected for laser

‘testing were obtained and molar extinction coefficients (Table IV) were

calculated at 266, 355, and 532 nm.
DISCUSSION

The objective of these investigations was to examine the influence of
monochromatic ultraviolet and visible radiation on isocyanate-polyol-
organometallic catalyzed reactions to determine if reactive intermediates
could be photoinduced which could affect the mechanism or rate of these
?gact;ons. Various mechanisms have been proposed for these reactions

s 3).

The absorption of ultraviolet or visible light by a complex may cause
one of three effects: (1) the rupture of a bond within the complex, (2)
electron transfer between a ligand and the central metal atom, or
(3) creation of an electronically excited complex. As previously men-
tioned, metal acetylacetonate complexes are reported to form charge
transfer intermediates with isocyanates. It is proposed here that either
the formation of the metal-isocyanate complex is facilitated or the com-
plex itself is photoactivated by the laser towards attack by the OH group
of the polyol. Although no detailed kinetic or mechanistic studies were
undertaken during the course of this work, the results do agree with that
of others in which an organometallic-isocyanate complex is postulated to
be an intermediate in urethane formation.

The reactions of isocyanates with compounds containing active hydrogen
are known to be profoundly influenced by catalytic additives (4). For
example, it has been speculated that the reaction of an isocyanate with an
alcohol in the presence of tetravalent tin catalysts occurs through the
formation of an intermediate complex between the catalyst and the alcohol.
The formation of a donor-acceptor bond between the oxygen of the alcohol
and the tin of the catalyst activates the hydrogen on the hydroxyl group
and increases the overall rate of reaction. In this situation, electro-
philic attack by hydrogen on the isocyanate nitrogen could result in the
formation of a strong hydrogen bond and the subsequent development of the
covalent N-H bond.

Other investigators report the apparent formation of transition metal
charge transfer complexes in polyol-isocyanate complexes (5). The absorp-
tion peaks are indicative of d—>d electronic transitions within a transi-
tion metal ion or of » ——> r* electronic transitions between the isocya-
nate and metal ijon.

An examination of the summarized results in Table V give conclusive
support for a laser-induced photoenhancement of metal catalyzed polyol-

< ’.';‘




e
,,,,,,,,,
_____
.......................

;g AYERS, ALLAN, MELVIN, MURFREE, WHARTON & MARCUCCI

T isocyanate reactions. In five of the six samples selected for laser
!: examination at the three wavelengths shown, it was found that the rate

enhancements were both wavelength and catalyst dependent. The sixth
sample (ferrocene) showed minimal photolytic activity. It is important
to emphasize that two main requirements are needed to achieve photo-
enhancement in these reactions. These requirements are: (a) a cataly-
tically active ingredient, such as an organometallic compound, and (b)
photoactive species. It is apparent from the data (Table V) that no
photoenhancement could be induced in the non-additive containing
polyol-isocyanate reaction. Also, only a limited number of the many
additives which are known to exert significant chemical catalysis were
found to be additionally photochemically activated at the wavelengths
examined. The variations in rate can also be seen to be wavelength
dependent (Table V). This wavelength dependence can be attributed to
the relative ability of the complex to enter into a photoactivated or
excited state that is important in the rate determining step.

In the present system, it is reasonable to assume that the mechanism
is very similar to that which is operative in the non-photoactivated
reaction. The basis for this assumption is that the photoenhancement
effects are of secondary importance when compared to the enhanced reaction
rates obtained by chemical catalyst concentration changes. Laser photo-
activation of the intermediate complex provides energy necessary to
further enhance the catalyzed reaction.

The observation that only a limited number of the approximately sixty
metal complexes tested resulted in enhanced photochemical reactions is
attributed to the lack of activation of specific metal-ligand bonds. The
positive results obtained with FeAA suggested that other acetylacetonate
compounds might also produce similar effects. A series of acetylace-
tonates were evaluated with ultraviolet lamps and, in some instances, with
the Nd:YAG laser. The data presented in Tables I and III show that
photochemical activation was obtained only with iron(IIl) acetylacetonate.
However, wavelengths other than those used in these investigations may
result in photoactivation of metal additives which did not show any signi-
{icant rate enhancement.

An interesting observation concerning the three ferrocene derivatives
listed in Table V is apparent from the percent change in viscosities of
the samples. The photorate enhancement increases are in direct relation to
the increasing order of the electron withdrawing ability of the groups
attached to the ferrocene ring. The order is as shown.
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F? These studies indicate significant enhancement of the polymerization
25; rate of organometallic catalyzed polyol-isocyanate reactions can be
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obtained with a Nd:YAG ultraviolet/visible laser. This enhancement is ]
wavelength and catalyst dependent. While the precise mechanism is not 1
known, the photorate enhancement appears to be dependent on the formation !
of an activated metal-isocyanate complex. With the exception of ;
dibutyltin diacetate, the only additives which gave enhanced photo-
chemical activity at 266, 355, and 532 nm were those organometallic
compounds containing iron as the central metal atom. However, not all
the iron compounds screened showed photoenhancement under the conditions
of the experiments. These investigations indicate the laser can be used 1
to enhance and control urethane formation reaction rates and opens the :
possibility that, through proper wavelength selection, other compounds may
act as photocatalysts in.these or other types of reactions.
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o AYERS, ALLAN, MELVIN, MURFREE, WHARTON & MARCUCCI
g , TABLE I
;x ORGANOMETALLIC COMPOUNDS SCREENED BY ULTRAVIOLET (UV) LAMPS
Oy
N Compounds Viscosity (poise)
E Reference 254nm 366nm
g Hexamminecobalt(III) Chloride 56 44 63
o Cobalt Phthalocyanine 50 58 60
L Bis(salicylidene)ethylenediamine
e Chromium(III) 57 62 60
' Cobaltic Acetylacetonate 43 62 53
Cobaltocene 62 69 60
Cobalt Octoate (6%) 57 69 62
Manganic Acetylacetonate 88 7 67
Manganese Carbonyl 63 60 56
Manganous Acetylacetonate Hydrate 62 56 60 i
Nickel Dimethylglyoxime 60 63 61 |
Nickelocene 55 53 50 »
Bis(salicylidene)ethylenediamine
Nickel(II) - 54 55 56
Nickel Phthalocyanine 54 55 51
Titanium Oxyacetylacetonate 60 60 62
Bis(acetylacetanato)titanium Dichloride 60 65 63
Titanium Phthalocyanine 56 52 57
Zirconocene Dichloride 56 60 61
Chromic Acetylacetonate 55 52 54
Chromium Octoate (10.5%) 54 54 55
Bis(salicylidene)ethylenediamine
Chromium(III) 54 54 50
Vanady1(1V) Acetylacetonate 100 98 85
Barium Acetylacetonate Hydrate 52 53 63
Zinc Naphthenate (8%) 52 61 54
Cerium Acetylacetonate 54 54 56
Lead Phthalocyanine 54 53 52
Potassium Nitroprusside 57 60 52
2,3-Butanedione 45 52 52
Cupric Thiocyanate 51 52 52
Cupric Hexamethylenetetramine 49 52 50
Copper Stearate 52 53 51
Copper Phenylacetylide 80 82 78
Copper Biuret 52 55 54
Copper Phthalocyanine 52 51 54
Copper Naphthenate (8%) 86 78 73
Cupric Phenylacetate 104 102 102
Cupric Ferrocyanide 61 62 61
Copper(I1) Ethylacetoacetate ns3 109 100

24
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TABLE 1 (continued)

Compounds Viscosity (poise)
Reference 254nm 366nm
Cupric p-Toluenesulfinate 76 74 73
Copper Phenylacetylide 120 122 114
Copper 3-Phenylsalicylate 107 m 99
Cupric Dipivaloylmethane 93 106 83
Iron Naphthenate (6%) 84 82 89
Ferric Ammonium Citrate 63 62 71
*Ferric Cupferrate 78 137 140
Iron Octoate (6%) 78 83 97
Ferrous Gluconate 63 63 63
Iron Tristearate 65 63 65
*1,1'-Ferrocenedicarboxylic Acid 70 78 146
*Benzoy1 ferrocene 88 107 122
Acetylferrocene 242 254 254
Ferrocenecarboxylic Acid 236 284 277
Bis(Hydroxymethyl)ferrocene 231 251 248 ]
1-Ferrocenyl-1,3-butadiene 461 424 490
1,10-Phenanthroline Ferrous ?
Sulfate (0.025M solution) 127 127 127 ]
Iron Resinate 162 164 176 1
Ferric Potassium Oxalate 124 124 127
Ferric Ammonjum Oxalate 138 130 133
Molybdenum Naphthenate 141 141 141
Cobalt Naphthenate 136 138 136
Cupric Naphthenate 156 159 156
*Ferrocene 98 132 122
*Dibutyltin Diacetate 217 283 221

*Selected for laser examination.
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? TABLE 11
!! PGA/HMDI(IPDI) CATALYZED BY ORGANOMETALLIC COMPOUNDS
Wavelength Time Viscosity (poise)
e (nm) (hours) Control Irradiated
‘ IRON(ITT)
ACETYLACETONATE
532 0.5 110 100
1.0 178 153
1.5 288 320
] 355 0.5 156 157
S 1.0 299 479
i 1.5 484 1021
i 266 0.5 122 153
£ 1.0 185 ' 257
~ 1.5 427 808
B DIBUTYLTIN DIACETATE
: 532 0.5 116 104
1.0 180 3
1.5 261 261
355 0.5 81 81
1.0 98 107
1.5 123 130
266 0.5 114 115
1.0 132 156
1.5 275 03
26
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TABLE II (continued)

FERROCENE
532 0.5 61 61
1.0 63 61
1.5 52 61
355 0.5 66 74
1.0 69 78
1.5 74 88
266 0.5 60 58 .
1.0 60 65 ~
2.0 60 8 :
BENZOYLFERROCENE :
532 0.5 75 81 :
1.0 88 108 u
1.5 95 144 ‘
2.0 94 162 :
355 0.5 130 114 :
1.0 . 239 1
1.5 - 363 .
2.0 283 438
266 0.5 46 52 k
1.0 - 66
1.5 - 89
2.0 86 5
-
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3% TABLE 1T (continued)
;; FERRIC CUPFERRATE
N 532 0.5 71 87
;- 1.0 79 109
% 1.5 81 120
2.0 99 128
355 0.5 144 254
1.0 - 352
1.5 - 244
2.0 208 583
266 0.5 55 61
1.0 - 66
1.5 - 84
2.0 81 98
1,1'-FERROCENEDICARBOXYLIC
ACID
532 0.5 72 87
1.0 78 13
1.5 76 134
2.0 75 166
355 0.5 52 43
1.0 - 69
1.5 - 92
2.0 55 138
266 0.5 40 43
1.0 - 43
1.5 - 46
2.0 55 55
g
28
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TABLE I1II

EFFECTS OF METAL ACETYLACETONATES ON PGA/HMDI :
REACTION AT 355 nm ]
| |
Time Viscosity (poise) j
Acetylacetonate (Hours ) Control Irradiated ;
Chromium(I11) 0.5 54 54 i
1.0 55 53 ]
1.5 55 56 A
Vanadyl(IV) 0.5 65 62 }
1.0 81 76 3

1.5 91 83

Cobalt(III) 0.5 55 55

1.0 55 56

1.5 50 62
Iron(I11) 0.5 156 157 1
1.0 299 479 )
1.5 484 1021 1
i
.
TABLE 1V )
MOLAR EXTINCTION COEFFICIENTS é
d
COMPOUND 266 nm 355 nm 532 nm "
Ferrocene 1.48x103 9.50 3.17 i
: 43
Benzoylferrocene 5.65x10° 6.69x10 1.88x10% :
[
1,1'-Ferrocenedicarboxylic 3 2 M
Acid 6.82x10 3.53x10 0.0 ]
Ferric Acetylacetonate 1.90x104 2.58x103 3.30x102 ﬁ
Ferric Cupferrate 1.85x10% 3.67x10° 0.0 :
F
Dibutyltin Diacetate 6.42 0.0 0.0 1
%
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* TABLE V
<

VISCOSITY CHANGES AT VARIOUS
WAVELENGTHS DUE TO PHOTOCATALYTIC ACTIVITY

Viscosity Change in poise

! Catalyst 266 355 532

iR None 0 (0%)* 0 (0%) 0 (0%)

- Ferrocene 21 (35%) 133 (19%) 9 (17%)

. Benzoylferrocene 14.4 (17%) 155.8 (55%) 68 (72%)
1,1'-Ferrocenedicarboxylic acid 0 (0%) 83.5 (151%) 86 (121%)
Ferric Acetylacetonate 381 (89%) 537 (111%) 32 (Myg)
Ferric Cupferrate 17.3 (21%) 375 (180%) 29 (29%)
Dibutyltin Diacetate 138 (50%) | 6.9 (6%) 0 (0%)

(*)Per?ent viscosity change of the irradiated sample compared to the
control. _
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THE ENGINEER MODELING STUDY

DR. D. GORDON BAGBY

US ARMY CONSTRUCTION ENGINEERING RESEARCH LABORATORY
CHAMPAIGN, IL 61820

The objective of the Engineer Modeling Study is to measure the contri-
bution of combat engineers to the effectiveness of the combined arms team.
The research program originated from a Mission Area Analysis (the Engineer
Family of Systems Study (E-FOSS)), which noted that Army war games were
good at representing unit offensive and defensive movements, but weak in
modeling the impact of US and Soviet Union combat engineer activities on
battle outcomes. In 1979, the US Army Engineer School (USAES), represent-
ing the Training and Doctrine Command (TRADOC), requested the US Army
Construction Engineering Research Laboratory (CERL) to correct this defic-
iency. The Engineer Modeling Study was the result.

The Engineer Modeling Study itself is part of the larger Army Model
Improvement Program (AMIP) which seeks to improve the caliber and quality
of Army war games. The three AMIP models shown in Figure 1 interact by
feeding scenarios downward from higher theater-level games to lower level
division and battalion-level games and by transmitting combat results up-
ward from battalion-level games to theater-level models. The AMIP model
used in the Engineer Modeling Study is the mid-level Corps/Division Evalu-
ation Model (CORDIVEM) being developed by the Combined Arms Studies and
Analysis Activity (CASAA). An implicit goal of the Engineer Modeling
Study is accurate and consistent representation of the effectiveness of
engineer effort throughout the AMIP model hierarchy.

Figure 2 illustrates how the Engineer Modeling Study augments the
Corps/Division Evaluation Model with an Engineer Module. This module
receives orders either from the CORDIVEM gamer or indirectly from within
the game; the module then modifies various CORDIVEM terrain features.
These terrain modifications produce three effects: mobility effects
enhancing the movement of friendly tirops; survivability effects reducing
friendly force casualties; and countermobility effects delaying the move-
ment of hostile forces.
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an interpret order submodule; a schedule job submodule; and a perform
activity submodule. Once the Engineer Module receives orders from CORDIVEM,
it interprets these orders, schedules jobs to satisfy these orders, per-
forms the jobs, and appropriately modifies the CORDIVEM terrain.

The heart of the perform activity submodule is a set of critical path
networks. For example, Figure 4 represents the precedence network for a
minefield breach. Each step of this technique is shown as an activity.
Given the location of the job site and the locations of the required
resources, the perform activity submodule determines the completion time
of the job and the resources expended.

The Engineer Module is now fully operational. It is compatible with
any order stream, and can represent over 50 separate engineer activities
such as blowing a bridge, building a command post, or conducting reconnais-
sance missions.

The schematic diagram shown in Figures 5, 6, and 7 illustrate the
actual operation and interaction of CORDIVEM and the Engineer Module.
Everything within the dashed lines belongs to CORDIVEM; everything outside
the dashed lines is the responsibility of the Engineer Module. The time
clock, or event queue, for CORDIVEM appears in the center; CORDIVEM's
data files and mapboard appear on the right. The operation of the Engin-
eer Module commences on the left with the receipt of an order from COR-
DIVEM, generated by either the gamer, a pregame plan, or the CORDIVEM
game itself., Regardless of the source, once an order is received, it is
processed by the interpret order and schedule job submodules. The inter-
pret order submodule selects an appropriate critical path network. The
schedule job submodule then places the start times for the individual
events of the critical path network into the event queue of CORDIVEM's
time line. The Engineer Module then goes to sleep (Figure 5). With the
passage of time, CORDIVEM's TIME NOW marker moves downward. When TIME
NOW reaches the start time of an activity, CORDIVEM passes control of the
process back to the Engineer Module's perform activity submodule., This
submodule computes a FINISH TIME and places a marker on the time line
in the appropriate place (Figure 6). Finally, when TIME NOW reaches
FINISH TIME, the Engineer Module's modify terrain submodule is activated
and CORDIVEM's data base is changed to reflect the terrain alteration.
The data base, in turn, changes the information depicted on the CORDIVEM
map (Figure 7).

If, at some subsequent point in time, enemy and friendly forces
engage in combat in that location, their attrition rates and movement will
be modified to reflect the presence of the engineer-created terrain fea-
ture.
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Figures 8, 9, and 10 are computer-drawn illustrations which depict
how the CORDIVEM model ran in June 1981, both with and without combat
‘engineer support. Figure 8 represents the initial situation at 7 AM,
vhere five outnumbered blue armored cavalry squadrons (shown in white)
confront seven red tank and reconnaissance battalions (black). By after-
noon, without engineer support, blue forces were outflanked, forced to
withdraw, encircled, and finally defeated by red units (Figure 9). But
utilizing combat engineer support on the battlefield, bridges were destroy-
ed and obstacles placed in the path of enemy forces to impede them until
adequate defensive fortifications could be constructed (Figure 10).

These efforts enabled blue forces to withstand the enemy attack for a con-
siderably extended period, reduced blue losses, and increased red losses.

AU M &
AR AR
AT M M

The results of these conflicts are tabulated in Figure 11. As this
table indicates, when engineers were not available, red lost 73 tanks
_ while blue suffered 62 tank casualties. With engineers present, red
L casualties rose to 88 tanks, while blue casualties fell to 49 tanks. It
should be emphasized that these results were derived from a single scenario

and many additional scenarios must be executed before the Engineer Module
is credible.

During the remainder of Fiscal Year 82, sensitivity tests on the
Engineer Module will be conducted and work will commence on a way to model
threat engineers. Engineer Module documentation will be published con-
taining flow charts, varisble listings, definitions, information sources,
and an operating msnusl.

In the more distsnt future, the Engineer Module will be used to con-~ -
duct various force structure trade—off analyses and to create the following
stand-alone Engineer Modules: A Porce Structure Trade-0ff Module for- use
in force design analysis; a Combat Engineer Field Module for use by combat
engineer units for operational plamning; and a Combat Engineer Training
Module for use in training engineer officers and others.

To summsarise, The Engineer Module is merely a resource allocation
routine wvhich receives orders, decrements resources, decrements time,
modifies terrain, and issues statistics (Figure 12). The Engineer Module
can be used to simulate the effects of different command and control
— structures, engineer support relationships, and engineer equipment perform-
ance characteristics. This ability to demonstrate engineer effectiveness
on the battlefield should greatly assist efforts to modernize and field
new engineer equipment.
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A NEW MIDINFRARED LASER IN HYDROGEN

THOMAS A BARR, Jr., DR.

: U.S. ARMY MISSILE COMMAND

L REDSTONE ARSENAL, AL 35898

- W. B. McKNIGHT, DR.

o UNIVERSITY OF ALABAMA IN HUNTSVILLE
\ HUNTSVILLE, AL 35899

Introduction: The basic research program for high energy lasers (HEL)
at the U.S. Army Missile Command has had a major task in the area o* new
laser concepts for future Army HEL applications. A theoretical and experi-
mental program to explore the possibility for developing a storage laser in
hydrogen was carried out during FY 80-82 and resulted in the discovery of
the laser reported here.

A storage laser is defined as a device which has the ability to store

large amounts of energy (vibrational or elsctronic) without large

- collisional or radiative losses. There are a number of methods by which
A the stored energy can be extracted as stimulated emission. e.g., (i) by
- collisional transfer to another species with a large stimulated optical
& cross section, (ii) by an oscillator/amplifier cavity configuration
§provided the saturation flux of the storage medium is not too large), or
iii) by temporarily increasing the stimulated cross section of the medium
by such means as a field induced dipole.

Nitrogen is a prime example of a storage medium. Energy can be effi-
ciently pumped into the vibrational mode of N» via discharge techniques:
- the collisional losses are small at room temperature and, of course, the
iy radiative cross section for vibration/rotation transitions is zero; and
o nitrogen can efficiently transfer its vibrational energy to COq.
\) Therefore, the N2/CO» laser is an example of type (i) storage laser.

Practical examples of type (ii) storage lasers are more difficult to
find because they require a value of optical cross section that is large
: enough to permit a realizable saturable flux and low enough to prevent
o rapia losi ofmsnergy by spontaneous radiation. Optical cross sections of

10-19.10-20 ¢ml for visible transitions arf requiied. Examplfs of this
~ type of laser are the Group VI lasers - 0(1S), S(!S), and Se(S) - which
N were investigated as potential drivers for fusion reactors.
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BARR & McKNIGHT

The type (iii) storage lasers are, at present, only theoretical
concepts. In such a laser the storage medium is pumped and, sub-
'sequently, a significant dipole moment is temporarily created in the
molecule by impressing an electric field across the gas. Several
investigators have proposed lasers of this type using radiation
fields, as from a high intensity pulsed laser (1) or static external
field from d.c. or low frequency a.c.(2). The problems in
accomplishing this are formidable, and, to date, no demonstration of a
field induced laser has been made.

Besides Np, the molecules Hy and Dp * are good potential storage
media. The available electron impact data for Hy indicate that it should
be possible to pump into the vibrational mode of Hy, D2 and HD via an
electric discharge with a controlled E/N (discharge field strength
per gas density). The vibrational energy transfer kinetics of Hy and
Do have been experimentally measured and indicate that collisional losses
a% modest temperatures are small. In principle, the molecular system
encompassing Hp, Do, and HD can provide examples of all three types of
storage lasers: For type (i) we have the Hy/HCV and Dp/HC1 transfer
electric discharge lasers /EDL), type (ii) ?s provided by HD itself since
it has a small, permanent dipole moment, and for type (iii) Hp, Do, and
HD can all be considered for field induced dipole lasers.

Research on HD: Our work started with the analysis of HD as a
type(17), and Hp as a type (iii) storage laser. First order calcula-
tions, in which kinetics processes were ignored, showed the conditions
under which we could expect a sensible gain from either H» or HD based
on the required partial population inversions. A major job for deve-
loping useable external fields would have been required for the
Ho laser, therefore, we elected to try the HD laser first.

Requirements for Laser Action in HD: The population distribu-
tion for thresho aser oscillation was calculated from a two level
model in which the ground vibrational state, with population, N1, was
the lower state of the first. vibrational state, with population, Nu,

was the upper state. The required inversion density was obtained from
the solution of the equations:

1. Nu - N¥1(2Ju + 1)/(231 + 1) = AN, and 2. Nu + N1 = N
Ju and J1 are the rotational quantum numbers. The required inversion

- density is ON = g/s where g is the threshold small signal gain and s
is the stimulated emission cross section.

* D is used in this text, as commonly done, to represent deuterium.
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The Einstein A coefficient was derived from data in (3); Doppler line
broadening was assumed based on the physically realizable operating
conditions (press = 4. torr and temp = 779K to 3009K). Also thermal

- equilibrium was assumed among the rotational states. An estimate of
the gain per centimeter required for threshold oscillation was made for
state-of-the-art dielectric coated mirrors, R1=.995 for the back mirror
and R2=.98 for the output mirror with no diffraction loss (implies a
concave mirror), and a cavity length of 6.3 meteig. A sensible output
wai assumed to exist when an absolute gain of 104°® was achieved, i.e.,
1016 photons were produced in a coherent output. Threshold gain is:

3. g =(2L)-1 1n (R1xR2)-1 = (1260.)~1 1n (.995x.98)-1 = 2.0 x 10-5 cm-1.

The stimulated emission cross sections, s, were calgglated and are:

for 779K and 3009K, gssp ctively, for 5(1;, 6.7x 0=cccm and_3.4x10’22

and for P(2) 8.9x10-2¢cm¢ and 4.6x10-22cm¢. Thus the lowest, and presu-

?abl% easiest to get, population inversion is for the P(2) line at 77%K.
n this case:

4. N =g/s = 2.0 x 10-5 em~1/(8.9 x 1022em2) = 2.2x1016/em3 .

3
The total population at 4. torr and 779K is 5x1016/cm’ and the fraction
o? the gasprgqu?red to be in tne upper st; e to meet the gain threshold

is .04, We assumed, as a working hypothesis based on (4), that we could
obtain sufficient population to overcome mirror losses plus about the
same amount of gaif to build up the Taser flux. Under this gain the
time to produce 10 6 photons from one initiating photon is:

5. t = 1n(N)/(cxa) = 1n(1016/(2x10~5x3x1010) = 60. microsec.,
where ¢ is the velocity of light and a is the small signal gain.

The low gain requires that a long path, minimum loss laser be
constructed to provide the best possible chance for laser action in HD.
The laser described later in the text resulted from this requirement.
It includes both a long path length, for maximum gain per “round trip,"
and a hemispherical cavity for minimum diffraction losses.

A detailed kinetics computer program was developed concurrently
with the laser experiment. This program explicitly addressed the calcu-
lation of gain in the laser as a function of time for various electrical
pumping conditions using a finite-rate kinetics analysis (5). The
results indicate that small gains are obtainable. However, the magni-
tude and temporal duration of the gain are not sufficient to meet the
gain-time requirements shown in equations, 3 and 5, above. Figure 1.
shows the computed maximized gain occurring at 1500. torr (not 4. torr
as in our experiment) and figure 2. shows that sufficient gain still
falls short of the minimum time to produce a sensible output. With

49

R e S N A A T N S A R A AT P i S M PPN i i TR A VRN e

N -3 | RPN A PSR 4

T S G

| WA

RIPUNY Bl PSRV

oy

-l




TR TR W T, R, T T e T e e T T
L

Lo e T
PYier itier A M T T
- Y
-t .

TR

R

Iy
he W PR
(S S )

Ty
311'

o N e

i S

P e
TRt 4

R NPT Py TP M S SRR WOEE LS R

aH 403 QH ut uoijjsued) 24y 404
wLj sa uten jeubis |rews *(2)614 uieg jo aouapuadag a4unssadd °(1)614

el 11T O
o2 o o . o WHOL ‘3HNSS3INY ]
rertpvetid \_ UL (I = om 00£Z 00ST 09L  O8€ 9
1 i ] 1 O.Hu
— AR UUUIAR R LD
— s —
— = =1 e
— — -0 m & 2
=
_ m \ 9-01 !
39 N
H] —
- L —
& = h 3
St o0t u = .
— _ot &
£ NIVO HONVYE — ¢ uo100SL=d ]
- S AR A S A= Y .
o -,
&




2 BARR & MCKNIGHT

these computational results in hand and having not gotten laser output
experimentally on HD we immediately turned our attention to making a
transfer-storage laser, type (1).

ey 3 |

The Hpo/HC1 and Do/HC1 Experiments: The laser was then converted, by
change of mirrors, to run as a type (1) Ha/HC1 or Dp/HCl laser. It was
in this configuration that the presently reported lasers were first

seen. The work on HD showed the sensitivity of the proposed experiments
to gain so that working back through the time and threshold gain

problem we found the conditions under which laser action could be
detected in a er microseconds. The minimum gain for 1 microsec. .
generation of 10 6 photons 1is: E

6. a = In(N)/cxt = 36.8/(3x1010x1x10-6) ='1,2x10-3cm-1 .

) BTN ORS

al

PORPR IS

B Previous work (6) showed that this gain might be achievable. Our
experiments produced lasers in the midinfrared, first in Hp/HC1 and
later in D2/HC1, but they were both found to be solely associated with R
H2 and D2. We stopped work on Hpo/HC1 and D2/HC1 to investigate these :
lasers. As will be explained later, they are newly discovered electro-
nic transition lasers and not storage lasers.

i |

1

"Experiment Design: The experiment (7) is sketched in figure 3.
The discharge tube consisted of a 2.5 cm diam Pyrex conical glass pipe.
This included two, 3.0 m sections plus end Ts', discharge electrodes,
mirror assemblies, and a center 5. cm x 30. cm cross section with an
appended cold trap. The cavity output end used a flat sapphire window-
-1 mirror, dielectric coated to 95X reflectivity at 3.7 microns. A
- concave Pyrex mirror, 20 m radius of curvature, dielectric coated to
% 99+%, formed the other end. Both mirrors were partially transmitting
o in the visible, and a He-Ne laser was used for alignment of the cavity.
!! Output was detected on a gold-doped germanium, liquid nitrogen-cooled
3 detector. Detector voltage, discharge current, and discharge voltage
were recorded on a storage oscilloscope. X

vt Bl FRTITREAAY

e Lo

LT

AN ."v.' ‘ .

The discharge was produced by a Marx bank fired through a resistor
and across a gap into the laser tube. The bank consisted of four sta-
ges, each a 0,032 microfarads, 125kV, fast discharge capacitor. Normal
charge voltage was in the range between 60 and 75 kV with corresponding
erected voltages of 240 to 300 kV. Voltage was measured using a 10:1
- RC voltage divider with a high voltage oscilloscope probe to provide an
- overall attenuation of 10000:1." Discharge current was measured by an
’ inductive current transformer in the ground return circuit.

»d
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Typical operating conditions were: gas pressure, 2-8 Torr;
current, 100-1200 amperes; run voltage (as opposed to initiation voltage)
10-50 kV; discharge duration, 0.5-8 microsec. Current, run voltage, and
discharge times were primarily dependent on the discharge series resistors,
which were wire wound, ceramic coated and ranged in value from 25-1000 ohms.

Fig (3). Experimental

schematic for the laser:

(1) concave mirror on

adgustable sealed mount;

(2) corona ring for high

voltage end; ?3) two 3. m

I FILL & sections of 2.5 cm diam Pyrex
= EmrTY conical glass pipe; (4)
pressure gauge, 0-20Torr; (5)

- output mirror on adjustable

sealed mount; (6) 1iquid nitro-
@) gen cold trap; (7) discharge
peaking gap; (8) current limit-
= ® ing resistor; (9) 10:1 voltage
divider; (10) four-stage Marx
v bank; (11) current loop; (12)
(D) high voltage probe; (13) Au-Ge
detector; and (14) wideband

storage oscilloscope.

In the initial phase of the Hy research, most experiments were done
at room temperature; however, some were done with the tube in contact
with a 1iquid nitrogen bath. This gave an estimated gas temperature of
1009k, inferred from pressure change in the tube during cooling. Some
changes in laser action were noted during cold tests; however, these may
have been caused by alig:nent problems and no conclusions were drawn
from this experiment. e appended cold trap was also tested and after
an hour of trapping at liquid nitrogen temperature no difference in
laser performance was noted.

A quarter meter grating monochromator with a 150 1ine/mm grating and
an 800 micron s1it system was used for coarse location of the lines.
The wavelength was measured using a half meter Ebert monochrometer with
a 148-1ines/mm grating blazed at 5 microns. S1it widths between 400 and
100 microns were used, the former to scan for line center and the latter
to obtain the wavelength. Calibration was by comparing dial settings to
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the 5th, 6th, and 7thvofder of the He-Ne laser. The wavelength measure-
ments were not sufficiently accurate to include the fine correction for
dispersion. .

The ;% Liﬁg at 3.767 Micron: - Parametric variation experiments were
being perfi on a mixture 95X hydrogen/5% hydrogen chloride when the
laser was first discovered. Two distinct laser output patterns were
noted. Ouring the high current discharge a very short ( 0.5 microsec.)
relatively high intensity (7 volt detector output) pulse close to the
leading edge of the current pulse was observed. As the peak current was
lowered, 1.e., series resistance increased, the pulse occurred later in the
current cycle, was lower in peak intensity, and stretched out to several
microseconds. Eventually, when the 500 and 1000 ohms resistors were used,
and the current was down to 150 amps or less, the pulse took on a distinc-
tively different shape. It appeared after the current peak, followed the
current shape for 3-4 microsec. and then terminated. Figure (4) shows
oscilloscope traces for a short pulse; Figure (5) shows similar traces for
a long pulse.

LML ) RATIRN
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The question of the source of the laser transition was addressed by
trying various mixes of gases, by the cold tube and cold trap experi-
ments, and by removing spurious sources of unknown gases insofar as was
possile. Miztures of hydrogen-nitrogen, hydrogen-helium, and hydrogen-
hydrogen chloride had varying effects on the output, but laser action
continued until dilution effects dominated. However, a deuterium-
hydrogen mixture appeared to suppress the laser action. No significant
difference in output was noted between commercial grade and spectrosco-
pic grade hydrogen. Laser action was terminated by cavity detuning; a
tuned to detuned intensity ratio was at least 4 orders of magnitude.
Particular attention was given to the possibility that the transition
might be in hydrogen chloride, since the laser was first seen with a
hydrogen-hydrogen chloride mixture in the tube, and only laser transitions
known to us near this wavelength are hydrogen chloride and deuterium
fluoride transitions. In hydrogen chloride the V(2-1)P(6) vibration-
rotation transition lies at 3.77 microns. Spectrometric measurements,
however, showed that the wavelength was definitely different from this g
hydrogen chloride 1ine, and all the experiments mentioned here indicated -
that only hydrogen was involved in the laser.

Other Lines in Ez and Dr: The D2 lines were discovered under con-
ditions similar to those of the Hyp line. In the case of Dy a mixture of
95% deuterium/5% hydrogen chloride was electrically excited in the laser N
cavity. No laser action was observed at room temperature; however, ﬂ
because the kinetics would be more favorable at low temperature we cooled
the laser with liquid nitrogen and repeated the experiments. Laser action
was noted under these circumstances at 4.60 microns. Again, tests were made
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to determine the source and all but deuterium was eliminated by the same
procedure used on hydogen.

“ , ,,.
»? o "." N
LI RACAA AR A

&
P}

Replacement of the mirrors was required when the coating came off the con-
cave cavity mirror. The new mirrors were coated for the 3.7-4.7 micron
band with maximum reflectivity on the concave mirror (99+%) and from 85%
to 95% on the flat mirror (output end).
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TWO MICROSECONDS/DIVISION

Fig (4). Short pulse, 50 ohm Fig (5). Long pulse, 500 ohm
series resistance : series resistance

A1l experiments were repeated with the new set of mirrors. Altogether
three lines were found in hydrogen and three in deuterium. The hydrogen
Yines, 3.70 microns, 3.77 microns, and 3.84 microns were obtained at room
temperature. The deuterium lines were found only when the laser was
cooled with liquid nitrogen. The lines are, in order of decreasing inten-
sity, 4.60 microns, 4.52 microns, and 4.70 microns. No laser lines were
found in deuterium hydride at either temperature.

Sgectroscggic Assignment of Lines: Following the work of (8), (9)
and usTng the spectroscopic constants and notation of (10) we matched
the 3.70 micron line to the singlet transition E-B, V(0-5) P(2) and the

3.77 micron line to the singlet transition K-C, V(1-6) P(4). A kinetical-
1y plausible set for all three lines was not found in this series.

Examination of the triplet structure produced entirely different results
in which the experimental and calculated wavelengths for hydrogen are
c}osely mgt;hed and fall into a kinetically linked pattern in the

adz § - ¢cTlu band as follows: 3.70 microns, V(3-2§P(2); 3.77 microns,
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2 ¥(2-1)P(2); 3.84 microns, V(1-0)P(2). The set of calculated lines in this
y band which fall close to the ones observed in hydrogen are: :
f;
; TABLE I. Calculated wavelengths in_theAaazg-csnu band of H,
4 microns | microns microns
A V(1-0)P(1 3.76 V(2-1)P(1 3.69 V(3-2)P(1 3.63
& P(2 3.84 P(2 3.77 P(2 3.71
H - P(3 3.93 P(3) 3.8 P(3 3.78
t , P(4 3.85
; Ihe temperature dependence of the rotational state population is given
y: _
4 7. Jmax = .59 (T/8)% - .5 | |
"‘ Figure 6. shows fhe graph of this function for hydrogen in the a3_-;:$ stat
- which B = 34.cm™* and for deuterium in the c°nu state in which B = 15.cm"1,
# Reference (10) 1nd1cat§s at the upper laser level in Dz may be c3mu
$ state instead of the aygstate. P(2) appears to be the preferred rota-
» tional transition for both gases, which matches the experimental obser-
x

vation that hydrogen produces lasers at 3009 and 1009K. Experimen-

N tally, we find that the V(2-1) transition in Hp, the strongest line,

' occurs first and is followed in about 0.2 microsec. by the other two lines.
This 1s not unusual in cascading lasers; it is an indication that the
laser action on the main 1ine kinetically produces conditions for the
other two lines to appear. Good computational modeling should show this
effect, too. This delay is shown in the oscillograph traces of Figure 7.

P
AT T

An identical assigmment cannot be mad ﬁpr deuterium: first,
because its c’llu state, lies above the a°Ig state and second, because
the vibrational and rotational coefficients (except B) are not known. In
principle the laser lines discovered in deuterium could be used to produce
spectroscopic coefficients. This will be tried at a later date, par-
31:u1a:lyd1f additional lines can be found and more accurate wavelenghts
etermined.

avity Properties: The laser cavity composed of a plane output

C 51 op
mirror and a concave back mirror, figure 8, may be considered to be half
of a symetric resonator. It has an effective mirror diameter of 2.5 cm

and a full cavity length of 1260 cm (twice the mirror spacing). A typi-
cal wavelength is 4.x -4 cm so the Fresnel number is approximately 3.
This configuration thus has negligible diffraction loss. The resonator

g parameter is:
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8. g =gl =g2s=1-L/R = 1-1260/2000 = .37

and the stability factor, g2 {5 0,137, signifying a stable oscillator.

S¢ !1.!°l(;b ;v:llfﬂ<
s} m°xo’ .' 200°K
/ / v(2-1) M2)
3l 525°K o’ o’lzﬂ"x g
1 MAX 0, /I 3
2t mky/ o’m‘x ? e v(1-o #2)
//// S
1} . 50 P 2’k §
‘.oK,/ 7 ] 1 | |
° L’r,, 1 1 Y [ 11 4 SEC/DIV
12« 2 3 .
196,,7°K)
Fig(6). J max for Hy, adsd Fig(7). V(1-0)P(2) line delay with
and for Dy, c3nu respect to V(2-1)P(2)
VIRTUAL BACK QUTPUT FLAT CONCAVE BACK
MIRAGR MIRROR MIRROR

E_‘_‘_:::::_::;:{“" S /_;3

— ==
.

Fig. 8. Equivalent Cavity

The beam waist, radius Wy 1s at thé flat output mirror and is,
9. wo = (2L/T)% (g2(1-g2))%/(2g-2g2)% = .35 cm
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BARR & McKNIGHT

The back mirror spot size,wl, is
10. wy = ( 2L/n )% (1-g2)™% = .38 cm

The average mode radius is .37 cm as compared to the discharge radius of
l.cm; thus the mode fills above .14 of the discharge volume.

Excitation Discharae Properties: The general circuit block diagram
is shown in Figure 3. Properties of the discharge were calculated from
the measured current and voltage and from previously calculated (4)
transport properties of hydrogen and deuterium discharges. Energy
distribution to vibration, rotation, dissociation and translation were
determined as functions of the input parameters: pressure, temperature,
voltage and current. Discharge properties are determined for hydrogen
as follows: given current and voltage as functions of time as shown in
Figure 9., we calculate the E/N values as functions of time.

Drift velocities, Wd, for the electrons are then taken from the curves
of Wd vs E/N (4). The free electron concentration and ion con-
centrations are calculated from these data by:

11. Ne (=Ni) = I/(qxWdxA)

where I is the measured current, q is the charge on the electron, and A
is the cross section of the discharge. Likewise power input and the
distribution of power to the various modes were tabulated as functions
of time from the graphs of (6) which show energy distribution as
obtained from a Boltzmann calculation,

The rate of electron-ion pair formation and the concentration of
these are thus determined from measured and computed discharge proper-
ties. The properties associated with the discharge shown in Figure 9.
are given in Table II below:

Table 11, Properties of a Typical Discharge in Hydrogen
TIME POTENTIAL CURRENT POWER ENERGY EL.DENS. DIST. OF POWER

(usec) (kV)  (amps.) (kw/cm3)(joules/cm3) cm pd pv pT
0.5 110. 1200. 6.  .017  1.8x10M  ;0e 1g% o7+
1.0  s8o0. 1240. 48 045  2,7x10}4 51 .29 .13
1.5  s2. 910. 23 .062 2.4x10}: ‘32 .48 .20
2.0 35, 580. 9.8 069 . 2.4x1013 (o5 .64 .27
2.5 25, 300. 3.6 075  1.8x10 0 .66 .31

*estimated by extrapolation
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BARR & McKNIGHT

Distribution of power terms represent the power at any time going in
to the various uses as follows: Pd into dissociation, Pv into vibrational
excitation, and PT into thermal plus rotational excitation

On-set of laser action typically occurred, for the discharge with a
50 ohms series load, at 1. microsec. The gas properties at that time are
noted in the Table II. Specific energy loading in the hydrogen at
1.microsec is 8500. joules/liter atmos.

This may be compared to the best loading for e-beam CO» lasers at one
atmosphere which is about 900 joules/liter atmos. The eventual loading on

the hydrogen in this example was 14,000. joules/1liter atmos. at 2.5
microsec.

Fig. 9. Oscillograph trace
of current and voltage for
the experimental laser (Fig. 3.)
when the series load was 50 ohms.

50KV/DIV. & 200A/D1V.

1 L 1 ] q
0.5 u SEC/DIV

CONCLUSION: The research program on hydrogen as a storage laser for high

energy lasers applications has shown that HD certainly cannot be made into

a storage laser under the operating conditions we had and perhaps cannot
be so made under any circumstance. No conclusion was reached concerning
Ha/HC1 or Dp/HC1 since serendipity produced a new set of lasers in the
course of experiments on these gas mixtures. The new lasers, identified
at least in hydrogen as being in the triplet states, may be the first step
in successful demonstration of the hydrogen excimer (11).
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BAUSSUS VON LUETZOW

Gravity Vector Determination from Inertial and Auxiliary Data and
Potential Utiliszation of Generated Vector Component Information

H. BAUSSUS VON LUETZOW, DR.
U.S. Army Engineer Topographic Laboratories
Fort Belvoir, Virginia 22060

1. INTRODUCTIOR. The present Rapid Geodetic Survey System (RrGsS),
developed by Litton Systems, Inc. for the U.S. Army Engineer Topographic
Laboratories (ETL), has the capability of determining horizontal and
vertical positions, deflections of the vertical, and gravity anomalies
with average rms errors of 1 m, 0.3 m, 2 arcsec, and 2 mgal, respective-
ly, for 50 km runs under utilization of post-mission adjustments. It
operates as a quasi local-level system. It thus does not require alti-
tude damping, permits Kalman stochastic error control without great
complexity under consideration of observed velocity errors at vehicle
stops, and employs effective post-mission adjustments with the aid of
terminal position and gravity vector information only. Present critical
hardware consists of an A-1000 vertical accelerometer, two A-200
horizontal accelerometers, and two G-300 gyroscopes. Although data
utilization from repeated runs has resulted in average deflection rms

errors of about 1 arcsec, the requirement of a maximum rms error of 0.5 ;
arcsec necessitates the incorporation of higher performance gyroscopes

and accelerometers. Thgs would simultaneously achieve conventional -
surveying accuracy (107?). Pollowing the approximate elimination of the *

effects of constant gyro biases on positions under utilization of
accurate initial and terminal coordinates, the remaining dominant error
source is gyro correlated random noise. In this respect, the pertinent
par?meters for the G-300 instruments are a standard deviation of 0.002°
hr™' and a correlation time of 3 hours. Another error source to be
considered is the accelerometer scale factor, assumed to be constant for -
a test run. The standard scale factor error for the A-200 accelerometer ’
R is 0.01%. Correlated accelerometer noise is characterized by a standard
- deviation of 10 mgal and a correlation time of 40 minutes. Both corre~
: lated gyro random drift and correlated accelerometer measurement errors
affect the accuracy of deflections of the vertical estimated from
inertial data and initial and terminal deflection components, possibly
augmented by corresponding geodetic azimuths. In order to achieve
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2 BAUSSUS VON LUETZOW
g: deflection accuracies smaller than or equal to 0.5 arcsec rms, it is,

therefore, necessary to install higher performance gyros and accelero-
meters. A significant reduction of the two autocorrelation parameters
is also a necessary prerequisite for the optimal statistical estimation
of deflections of the vertical. The Litton G=-1200 gyro is expected to
be compatible with the stringent defle?tion accuracy requirement. Its
g! random drift error is about 0.001° hr™' and its autocorrelation parame-
ter is short. For details, reference is made to Litton [1] and Huddle
E [2]. The A-1000 accelerometer addressed by Litton [3,4] has a standard
scale factor error of approximately 0.005%. Correlated accelerometer
F noise is 2 mgal rms, equivalent to about 0.35 arcsec.

coordinate system tangent to a normal gravity surface, with x as west-
east coordinate, y as south-north coordinate and z as vertical coordi-
nate, positive upward, it is

‘! 2. DETERMINATION OF VERTICAL GRAVITY COMPONENT. In a local Cartesian
-

&r

1 >

'L-' g = (an, - g€, -g) (1)

component, and gn and -gf are its horizontal components, n and £ being
the prime and meridian deflections, respectively. For computational
and estimation purposes it is advantageous to use the gravity anomaly Ag
= g -y with v as normal gravity, to be found by consideration of the
elevation above the normal reference surface.

- In eq. (1), E is the gravity vector at the origin, -g is its vertical
3

The RGSS error differential equation for the vertical channel,
including first and second order time derivatives, is
o 2 1

z = Zws z - (pN + 2 QN) x - Pg y +Ag+ a, *+ Axszx - Ay Gzy (2)
where the symbol § gf position errors 6x, 8§y, 6z is omitted for simplic-
ity. In eq. (2), wg = g R ' with R as the earth's mean radius is the
squared Schuler frequency, py = VxR' with V, as the system’'s east
velocijfy is the north angular rate, Qy is the north earth rate, pp =
- V.R™' with V_ as the system's north velocity is the east angular rate,
a, 1is the vert{cal accelerometer error, A, and are east and north
accelerometer outputs, and §,, and §., are z-axis misalignment errors in
the x,2 and y,z plapes. At the system's stop, the term involving x may
be estimated since x is observed, and the last two, terms are omitted.

At terrestrial vehicle speeds, the term involving y becomes
insignificant.

1. See Litton |5], p. 3=-132.
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Because of initial calibration z(t,) = z, = O and z,= 2= J, = A,

= A,, = 0, the term Ag, has to be subtracted from z(tv) = ;v‘ At
a survey vehicle stop, there?ore, under omission of py% and pg¥ in eq.

(2),
g, = 2g  + ;“ + Mk, - 2w: z, - (a, - a, ) (3)
. v 0

where the error terms 2wszzv and a, -~ a_, are weakly correlated. If z

2y L)
and a, are considered as random variables with zero means and estimated
variances and covariances, respectively, the gravity anomaly error
variance is

4
var va = 4ms var z + var (azv - azo) (4)

Since z, has an average rmg error of 0.3 m due to Kalman filter estima-
tion by means of observed z, at vehicle stops and a post-mission adjust-
ment under utilization of a terminal Zgy» the rms error induced by z, is
only O.1 mgal. High accuracy determinations of gravity anomalies or of
the vertical component of gravity by means of a local-level inertial
system thus require a high performance vertical accelerometer, high
accuracy height determinations and, possibly, utilization of t-observa-
tions at vehicle stops.

The availability of Agy, and z, at the end of the survey permits the
determination of a, -a, = f in eq. (3). Empirical corrections for
Z¢ o

a, -a
Zy %o

in the form
c, = cv(as -a, ) = e f, (5)
e o

prevent error growths to about 2 var a,. Under restrictive assumptions,
with the omission of the subscript =z,

o, cov (nv -8, a8, - ‘o)’ [var (a‘ - ‘o)]-1 (6)

3. SIBGLE HORIZOWTAL CHANNBL DETERMINATION OF DEPLECTIONS OF THE

. le the determination of gravity anomalies may he less
rnpfli; accomplished with high accuracy by means of gravimeser and
height measurements, astrogeodetic and gravimetric determinations of
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BAUSSUS VON LUETZOW

deflections of the vertical are time-consuming. According to Moritz
[6], astrogeodetic and gravimetric rms errors are approximately 0.2
arcsec and 1.5 arcsec, respectively. Rapid inertial-astronomic
determinations of n and £ with rms errors not exceeding 0.35 arcsec
would thus be highly economical and satisfactory for many purposes.

Both the single and coupled horizontal channel determinations of n and &
require the utilization of the simplified error differential equations“:

;-Snoz-gQN*gn*-aE (7
= -Sgh, * abg - & *ay (8)
$, = R tnp.z + R (8 + Py sec )y wghy tugdp o (9)
$y - Rk Wb, w ¢+ (10)
g~ &'y o, by w ()

Symbols used in the foregoing equations including total time derivatives
of firast and second order are, except for those defined in section 2,

b, azimuth platform attitude error

o platform tilt error about north axis
¢r platform tilt error about east axis
SE east acceleration of survey vehicle
Sy north acceleration of survey vehicle
ag correlated east accelerometer error
ag correlated north accelerometer error
¢ geographi$ latitude

w, = Qz + R"'tn ¢ Vx vertical spatial rate
wy = Ry ; PN north spatial rate

wg = -R™'V_ east spatial rate

a azimuth" axis angular drift rate error
g north axis angular drift rate error

A east axis angular drift rate error

Tor land vehicles, eqs. (9) - (11) may be simplified by omission of py,

2. A more complex system may be required. See Littoan [5), pp. 3-2%52 -
3=-254.
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BAUSSUS VON LUETZOW

wg, and pg = R"tn#-vx, and by use of constant accelerations Sy and Sg
vhich should be approrimately achieved. Then, w, = Qsind and wy =Qcosd

- where @ denotes the earth's inertial angular velocity. The initial
conditions at t,= O are, under congideration of plumbline leveling, w,(0) =
0, 4x(0) = ng, 85(0) = £g, x(0) = y(o) = x(o) = y(o) = O.

In the general RGSS mode of operation, position and gravity vector
information is generated. The Kalman filter mechanization is simplified
by setting wg = wy = w, = 0 in eqs. (9) - (11) which results in the
uncoupling of the horizontal channel differential equations. This is
not critical in the context of present instrumentation for travel
periods of 2 hours. As an example, eqs. (8) and (10) may then be formu-
lated at the end of the first travel period, whence t = ty,

Ty " eby -8Ry Ty -y (12)
o]

o, =Ry ftl at + € (13)

E, R AR PR | o

In eq. (12), accelerometer, calibration at t,= O has been taken into
account. The quantity.-R"y in eq. (13) is well estimated by the odb-
served velocity error y. After implementation of the corresponding tilt
correction, under neglect of insignificant estimation errors and consid-
eration of the bias error §g(ty),

" " t
y(¢) =5, =ghy -6 (5, -€)+ef (v -T)av+ag -ag (19
i 0 i o

LD L] t
vt ) =y, ~aby ~g (&, -E)+e[" (v -7)dt +ay -ay (15)
n 0 n 0

The propagation of constant gyro bjas_ errors may be approximated by
a solution of eqs. (9) - (11) withy = x= y = wp* O and by treating wy -
and wy as constants in accordance with Huddle [8]. The result is

bg=t (¥ + Bt /2 - awg/2) .(16)
by=t(-vw,/2 + B ) (a7
§ =t (Y /2 sa ) (18)

Under consideration of terminal deflection and asimuth errors at ¢ = ta

=4

a
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it is possible to estimate &, B, ¥ from

tE En En
tN = nn - nn (19)
¢ A A

z tn n estimated n observed

Equations (15) and (16) show that the computation of §; in eq. (14) is
to the first order associated with an error i

O 8¢, = -
. Ei
& The final solution for the meridan deflection of the vertical from eqs.
(14) and (20) is -

£y ) -
— e[ (v -¥) et +ay -ay ] (20)
n n 0

L -a - a

L - Iy a“:I. % Y aun %

- Ei - (Eo + ¢E - ) + -?.

2 4 1 & & n & (21)

e t t t

.. i = __1 n .3

= o (r=Y)ae T £ O -7 )as

t{l Equation (21) may be supplemented by

B . Y- (0g -teg) (22)
6E, =86 + = (66 -6E) - (g -— @ 22
" i o tn e 0 Si tn Sn

i to account for astrogeodetic deflection errors and accelerometer bias
- e.rors. For a straight traverse, the last term in eq. (22) tends to

g cancel out.

. The rms deflection error ¢ (ti) can be computed by covariance analysis
- involving the terms withoui parentheses in eq. (21). Under inclusion of
S the first two terms of eq. (22),

, ti 2 ti 2

2 var £, = vara, ¢ vary, + (1 -—t—) var g+ (T—) var £, (23)
e n n

';; where var a, is the accelerometer-induced variance and var v; designates
p:A the gyro-induced variance. Under consideration of present R&SS param-
L eters, identified in section 1, the rms deflection error oy 1is approxi-
» mately presented in Figure 1 for a vehicle speed of 30 kn/ii

ti

L -,

o

y -
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Figure 1 -
Approximate RMS Deflection Error as a Function of Travel Distance i
L

The variation of normal gravity g with altitude is not critical in
terrestrial applications. The scale factor-generated error does not 3
vanish with respect to L-shaped traverses. It is, however, relatively :
small for travel times not exceeding 2 hours. Heading sensitivity
induced by significant azimuth changes appears to be somewhat critical
and may require empirical corrections. Schwarz [7] discussed the impact
of heading sensitivity on positioning and concluded that error
reductions may be achieved by a modified smoothing procedure. The
problem is more intricate in the case of deflection determinations. The
use of static accelerometer measurements in conjunction with initial
and terminal deflections together with a simplified Kalman filter was
first discussed by Huddle [8). An advanced method for single channel
vertical deflection determinaticn was presented by Baussus von Luetzow
[9]. It utilizes all observations simultaneously and appears in a
modified form in section 4.

4. COUPLED HORIZONTAL CHANNEL OPTIMAL DETERMINATION OF DEFLECTIONS OF
THE VERTICAL IN SEMI-FLAT TERRAIN. Higher accuracy requirements

necessitating installation of gryoscopes and accelerowzeters with small
error variances and short correlation times as performance character-
istics require the integration of the system of differential equations
for best possible estimation of n and £ and for error assessment in the
case of single channel solutions. For this purpose, eqs. (7) and (8)
are written as

X = sN¢z - 8éy + g(n - no) + ap - an (24)

y* ~Sgé, t 8y -8(E L) +a, - N (25)

In this way, initial accelerometer calibrations have been taken iato
account and the initial conditions are

€7
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¢g(0) = ¢y (o) = ¢,(0) = x(o) = y(o) = x(0) = y{o) = 0 (26)

The accelerations Sy and Sp can probably be neglected. If the system is
treated as one with constant coefficients as a good approximation, a
closed solution as a function of time is possible. Because of intermit-
tent Kalman filter corrections and the need for numerical weight fgctors
jt appears to be advantageous to attempt a numerical solution for x and
¥ under utilization of terminal deflection and azimuth data. Por eco-
nomic reasons it is assumed that the survey vehicle travels approxi-
mately at a constant speed when in motion and sf{ops every 3 minutes for
1 minute. The speed should not exceed 10 msec™ 'in order to restrict the
length of travel intervals.

Solutions for ¢, dyNsbdz» i, }, X, y are obtained in accordance with
the integration schemes

F, =P +F At (27)

2
F,=2F _, - F_ _,+(a8) B _, (28)

with At = 30 sec and possibly 60 sec. The solution structure at the end
of the first stop interval, indicated by the subscript s=1, is
v v

v v v

Fv1 = § a v * % bv vy * % ey * % dvsv * % %Yy (29)
In eq. (29), v = g (n = n,) + ag - sg s ¥ = -g(8 - §,) + ay - oy -
Under consideration of Kalman filter tilt corrections, assumed for

simplicity to eliminate the integrated first two terms in eq. (9) and
the first term in both eq. (10) and (11), ’

(2) v v v A\ v
Fv1 = % Av vv * ; Bv WY * ; cv %y * % Dv Bv * § Eb Yv * T1 4 (30)

vhere Ty and subsequent T, represents an aggregate of tilt-induced
randop erpors. During the stop interval, eqs. (9)-(11) are integrated
with x = y = y = 0 with a resultant effect on eqs. (7) and (8). The
integration is then continued and yields under utilisation of average
biases the solution structure
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v -~ ~ -~ ~
" 2' Av vy * 2’ Bv v, ! cv“ * DQB * EbY * Rvs * Ts (3ﬂ) -
v=1{ v=1{
vhere R,, designates residual, random-type terms includingd - a,, f -
8“' and 9 - Yv.

At the termination of the survey, when n n? [ 4 n? and re avail-
able, it is possible to solve for the gyro biaaes in the -4
a ?, €, 8, ';
gl-= FZ +le, |+ 62 (32) J
Y F € 63 ~

where the F's are computable, the €¢'s are an aggregate of v and w-er-
rors, and the §'s are aggregates of 0 random and tilt errors.

Substitution of &, B, ¥ from eq. (32) in eq. (31) and separation of v
and w into deflecjion apd accelerometer errors leads, under restriction o
to solutions for x and y, to the final results ' >

] 122, ) -
+Z k“n “2 1"5“ no*s X, u*rgg+rqg+rta*rd8 '

v=0 v=0 '
(33) .
2 2 A, 50, |
* 2 m, Myt Z nviv = Eo ’Ee gs * Pas * Pis * Pas (34)
v=0 v=0
The last 4 terms on the right side of both eqs. (3%) and (34) are aggre- :
gates of random errors associated with gyros, accelerometers, tilt -

corrections, and initial and terminal deflection errors. Equatioas (33) R
and (34) are reformulated as :

+ - - - 5 ‘
E-O kv M * g-o 1“ Ev Sne Hns an ‘(3 ) Y

n " n T‘

s * g_o n oyt g_o n, & = SE' = nts - NE, (36) Ei

where S, M, N denote signal, measureable message, and non-measurable
noise, respectively.

Under utilisation of deflection of the vertical covariance functions,
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the prime deflection of the vertical can be optimally estimated in the
form

ng = Ay [sni + N“i] + B, [sEi + N‘il (37)

where i=s, Ay, and Bj¢ are matrices of regression coefficients, and the
terms in brackets are message matrices. With k = 0,1,....,n, Ajg and
Bje can be determined from the equations

nls J=A,_[S S +N§ N ]+8_1I[S s +% N ] (38)

ertny ie nyoMy LR ie Ei e F‘i N

nlsS. ]=A_IS S +N§ N ]+8B.[S S +0N N ] (39)
e Ek ie Ei N Ei " ie Ei Ek Ei Ek

In eqs. (38} and (39), where the bar symbol stands for covariance, the
noise covariances need only be computed once.

Simplified solutions, particularly in the case of approximately
straight traverses, are possible. The coupling of eqs. (33) and (34)
should, however, always be considered. If averaged message-type data
from repeated surveys are employed, the instrument-generated noise
covariances in eqs. (38) and (39) are to be reduced.

5. INTERPOLATION OF GRQVITY ANOMALIES AND DEFLECTIONS OF THE VERTICAL
IN MOUNTAINOUS TERRAIN.” It is well known that an accurate analytical

representation of free-air anomalies in pronounced mountainous terrain
can only be achieved by a polynomial of high degree by means of Ag-data
available in a network of high resolution. As a consequence, satisfac-
tory linear interpolation requires small mesh sizes Ax, Ay. It is
possible to write the gravity anomaly as

Ag = g, + C  + (40)

where Ag, is the isostatic anomaly valid for the compensated geoid, Cy
represen%s the aggregate of terms computable from the known topography,
and r is 8 random-type error. In a more general form, also applicable
to the optimal estimation of vertical deflections, eq. (40) is
reformulated as

m=ag+n+r., (41)

3. Vor details see Baussus von Luetsow [10]
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BAUSSUS VON LUETZOW

In this equation, m is a "message" variable, s is a "signal” variable, n
is deterministic or computable "noise,” and r is random-type noise.

Under consideration of a linear signal estimation structure, a
signal can then be optimally estimated as

LY

8, * L(mi -n, - ri) (42)

where L denotes a linear operator and the subscripts e and i refer to
the estimation point P, and measurement points Py, respectively. The
optimal measurement at Pe results in

a -

m, =8 +n +r = L(mi - ni) +r -1 (ri) +n . (43)
The estimation error is
e(;.) - 0(;.) + e [r, - L(r,)] (44)

The corresponding estimation error resulting from the utilization of
topographically unmodified measurements m; is

o(n,) = 8, - L(s) + r_ - L(r,) + u_ - L(n,)
- .('e) + e[re - L(ri)] +n - L(ni). (45)

Comparison of eq. {45) with eq. (44) shows that the non-optimal interpo-
lation process is associated with a "topographic" estimation error ng -
L(ni) which becomes in general intolerable in moderate to rough
mountainous terrain and thus induces the requirement of a fine mesh data
8rido

Baussus von Luetzow [10] obtained the following solution for verti-
cal deflections:

N R I ST iy’

R - cos al as(y) 65}
* —4‘,.‘c“'f£ L8g) + dg2 + 91(583)]{sin a} ) 9 +{6n

C-8g2 - G;(8g3) {tn 81} (46)
G " {tn B2

+

In this equation, G denotes global mean gravity, AE is a signal variable
profitadly synonymous with Ag; in eq. (40), a is the azimuth angle
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counted clockwise from north,y is the angle between the radius vectors

and ¥ originating at the earth's spherical center in accordance with
figure 2, S (y) is Stokes' function, B4 and B, are northern and eastern
terrain inclinations, respectively, G4 is a specified integral function,
Sgy, 632 8gz are quantities computable from the earth's topography, C
is the térrain correction, and ¢ indicates the unit sphere.

A(fixed) P(variable)

i,

Figure 2

The first two terms of eq. (16), involving the anomaly Ag, represent the
"signal” components of £ and n. The following three terms constitute
computable topographic "noise". Permitting random-type errors ry and
Tpe €q. (46) can be written in analogy with eqs. (40) and (41) as

AEGERES
A1+ %+ (47

_ The numerical determination of the three topographic terms of eq. (46)

is a complex task, which can, however, be accomplished without inhgrent
difficulties by means of high-speed computers. The estimation of £ and
n from a set of given vertical deflections can be achieved by means of
spatial covariance functions. It is c¢lear from the above analysis that
the optimal estimation method outlined in section 4 requires the
simultaneous consideration of eq. (47). Otherwise, the linear aggre-
gates involving £ and n in eqs. (35) and (36) are to be estimated with
some error from a limited set of £ and n in order to obtain solutions
without linear aggregates. Repetitive surveys would reduce the effects
of instrument errors. In summary, the determination of deflectvions of
the vertical in strongly mountainous terrain requires a much increased
computational effort to obtain minimum e~ror accuracies. Without such
effort, there is a degradation in accuracy.

6. UTILIZATION OF GENERATED GRAVITY VECTOR COMPONENT INFORMATION.
Rapid economical gravity vector component determination is necessary,
useful, or potentially useful for the following purposes:
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(a) Transformation of astronomic coordinates and astronomic azi-
miths into ideal terrestrial-geodetic coordinates and geodetic azimuths,
requiring knowledge of absolute deflections of the vertical, indispens-
ible for long range ballistic missiles.

(v) Establishment of a three-dimensional anomalous gravity poten-
tial T or analytical upward continuation of first order derivatives of
Ag, n, and £ from discrete measurements thereof at the earth's surface,
to extend over relatively large areas, indispensible for long range
ballistic missiles with inertial guidance.

(¢) Adjustment of geodetic networks.

(d) Geophysical prospecting including estimation of the deriva-
3A 9 on ;
tive 3;5 = 2GRN + GR™1Z tn ¢ - G (§§.+ 55.) in semi-flat terrain

where N stands for geoidal undulation or height anomaly.4
(e) Determination of geoidal differences on land.

(f) Construction of regional gravity anomaly and vertical deflec-
tion networks with mesh sizes Ax = Ay of about 5 Km as input information
for highly accurate gravity programmed inertial surveying systems.

(g) Accuracy improvement of medium range ballistic missiles in
conjunction with meteorological corrections and of cruise missiles by
utilization of vartical deflection data in accessible areas.

7. CONCLUSIONS. The determination of vertical gravity vector compo-
nents or gravity anomalies by means of inertial and boundary data has
been very promising as to rapidity and accuracy. High accuracy estima-
tion of horizontal gravity vector components or deflections of the
vertical from inertisl and boundary data requires the installation of
gryoscopes, accelerometers, and velocity quantizers with small error
variances and short correlation times, the development of sophisticated
estimation methods consistent with an outlined structure, and, probably,
a three-dimensional Kalman filter. Deflection accuracy in strongly
mountainous terrain is degraded. For this reason, a maximum rms error
requirement of about 0.3 arcsec in both semi-flat and mountainous ter-
rain may only be achieved by a gradiometer-aided inertial system. Such

4. See Telford et al [11], pp. 7-104, for geophysical applications and
Heiskanen and Moritz [12], p. 117, for the equation.
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a system would also be beneficial for the location of smaller subterra-
neous mass anomalies. An effective estimation of gravity anomalies and
deflections of the vertical in mountainous terrain from data at points
separated by distances of the order 5-10 Km is possible with consid-
erable computational effort under utilization of the developed equations
and employment of spatial covariance functions. Numerous military and
non-military applications of gravity vector component information gener-
ated by inertial and auxiliary data do exist. Gradiometer-aided iner-
tial systems offer additional advantages.
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1, INTRODUCTION

When the U.S. Army began limited production of the fuze for the
rocket warhead of the Multiple Launch Rocket System (MLRS), it was
necessary to develop improved methods of testing fuzes as they came off
the assembly line. Since the fuze contained a fluidic power supply
that had never been type-classified, methods associated with previous
battery-powered fuzes were inadequate for the production specification.
Also during the validation and maturation phases of the development
program, considerable testing in the laboratory, in wind tunnels, and
in flight tests showed that laboratory tests in early specifications
did not indicate adequately how a fuze would perform in actual flight.
A key deficiency was the inability to duplicate in the laboratory the
conditions near the summit of the rocket's trajectory. Operating the
fluidic generator from an air source up to 14 kilopascals above
atmospheric pressure approximated the expected pressure difference
between the entrance and exit of the generator, but it failed to dup-
licate the effects of the air's speed.

The power supply project team at the U.S. Army Harry Diamond
Laboratories (HDL) proposed a solution in the form of a relatively
inexpensive high altitude chamber, which would duplicate both of these
flight variables, and which could be incorporated into the fuze
contractor's test equipment. Implementation of this proposal required
a better understanding of the conditions of the air flow around the
fuze ogive and through the generator. Consequently, HDL conducted a
test program in the Aerodynamic Wind Tunnel at the Arnold Engineering
Development Center., Test conditions included free-stream Mach numbers
from 0.95 to 1.3 over a range of free-stream densities that simulated
altitudes from 15.2 Km to 21 Km. The fuze ogive was instrumented with
both static and pitot pressure probes, from which the pressure data were
analyzed to describe the internal and external flow fields.
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